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The necessity and the universality of concrete infrastructure prompt innovation in 
addressing the global challenge of meeting societal needs in the most sustainable and 
economical ways possible. Increasing the use of non-portland cements or "alternative 
cementitious materials" (ACMs) is of growing interest due to their unique properties and 
to their potential to reduce the environmental footprint of concrete. The unique properties 
of ACMs may vary by material, but include rapid setting, rapid strength development, 
higher ultimate strength, improved dimensional stability, and increased durability in 
aggressive environments. The increased strength and increased durability further 
contribute to enhanced service life which can help offset initially higher material costs, and 
also to enhanced sustainability. 
In the past, most ACMs were primarily used in limited specialty applications, and some of 
them have been shown in lab-scale studies to be feasible for the partial or full replacement 
of traditional portland cements used in concrete. However, there is a limited understanding 
of the scalability of construction with these material systems, their long-term performance, 
and durability in a range of environments, and their structural response when subjected to 
transportation-relevant loading conditions. This thesis presents the results from the 
comprehensive investigation of the applications of these commercially available ACMs in 
durable and sustainable transportation infrastructure, which include the early-age and long-
term material properties as well as multi-scale durability investigations.  
A novel multi-scale approach was proposed to design concrete mixtures with these 




The multi-approach involves (i) using multiple advanced material characterization 
techniques to understand how these commercially blends hydrate, (ii) changing their fresh 
properties to meet the prescriptive requirements without adversely affecting their long-term 
material properties to meet the performance targets. New test methods and protocols also 
involving multi-scale material characterization were proposed to gauge the long-term 
performance of these ACMs against wide range of exposure conditions. These new test 
methods were designed, relying as much as possible on existing test methods for traditional 
portland systems, to facilitate rapid adoption of the ACM formulations. From this, guidance 
for the lab-scale investigation and guidance for the ACM selection and mixture design for 
use in transportation infrastructure, primarily in the aspects investigated in this thesis, are 
provided.  
Successful concrete mixtures were developed by using a combination of isothermal 
calorimetry, x-ray diffraction, set time assessments, and flow tests to link cement 
characteristics, admixture type, and dosage to early-age behavior. For all ACMs, except 
for one calcium aluminate cement and one magnesium phosphate cement, concretes were 
designed that met both the early age requirements for the set time and slump, at w/c of 0.40 
or less, and later age requirements for mechanical properties. Even though commercially 
available polycarboxylate based superplasticizers and citric acid based set modifiers are 
known to perform well with calcium sulfoaluminate (CSA) based systems, it was found 
out that CSA cements containing high iron content have compatibility issues with those 
admixtures.  
A new test method for measuring formation factor in both the low resistive and highly 




or even prior knowledge of pore solution composition and its resistivity is developed; was 
used to understand permeability and interconnectivity in the ACM systems at varied w/b. 
Understanding permeability and interconnectivity in ACM mixtures are essential for 
durability assessment in these systems. New insights were provided on the chemical sulfate 
attack mechanisms in ACM systems. (C,N)-A-S-H type gel was found to be forming on 
the outside exposed surface in all the ettringite based systems investigated in this thesis, 
and it is found to be one of the primary reason for the superior resistance of these systems 
in resistance external sulfate attack. A new accelerated cylinder mortar test method was 
developed to assess the alkali-silica reaction (ASR) in ACM systems without the need for 
alkali boosting and also addressing the leaching issues found the current ASTM C 1293 
accelerated test method. This new test method can be used as a complementary test method 
for the ASTM C1293 test, or it can be used as a standalone test method upon further 
validation. Using the combination of these  two test methods, it was found out that most of 
the ACMs investigated in this thesis offer excellent resistance to alkali-silica reaction. It 
was also found that portlandite and alkali content played an important roll in resisting ASR 
compared to the permeability of these systems. Accelerated carbonation studies were 
performed on both OPC and ACM systems at various exposure levels (0.04%, 1%, 7%, 
and  14%). Out of the accelerated CO2 exposure levels tested in this chapter, both 7% and 
15% exposure levels were found to be aggressive in all the OPC and ACM mixtures, except 
in one calcium aluminate system. Even the 1% exposure level found to be aggressive in 
activated aluminosilicate systems and two of the CSA systems investigated in this thesis. 
However, accelerated carbonation at 1% or higher CO2 exposure levels underestimated the 




the atmospheric CO2 level. Therefore, selection of CO2 exposure levels, to accurately test 
the ACM systems for carbonation in accelerated conditions, can be made only after taking 

















1.1 Project description 
Cement, which accounts for nearly 20 percent by weight of concrete, is a manufactured 
material, unlike the other components of concrete. The cement industry emits around 800 
lbs. of carbon dioxide (CO2) for every 1000 lbs. of cement it produces, making it one of 
the two largest producers of industrial CO2. The ubiquity and the necessity of concrete 
infrastructure prompt innovation in addressing the global challenge of meeting societal 
needs in the most sustainable and economical ways possible. Increasing the use of non-
portland cements or “alternative cementitious materials” (ACMs) is of increasing interest 
due both to their potential to reduce the “environmental footprint” of concrete and their 
unique properties. The unique properties of ACMs may vary by material but include rapid 
setting, rapid strength development, higher ultimate strength, improved dimensional 
stability, and increased durability in aggressive environments. The increased strength (and 
the resulting potential for decreased materials usage) and increased durability further 
contribute to enhanced sustainability and can help offset initially higher materials costs.  
In the past, most ACMs have primarily been used in specialty applications, such as 
repairing defects or rapid replacement of damaged pavement sections and creating joints 
for precast panel road replacements. Of the myriad of commercially available ACMs, 
chemically-activated aluminosilicates (AA) (including geopolymer concrete), calcium 
sulfoaluminate (CSA) cements, calcium aluminate cements (CAC), phosphate-based 
cements (e.g., magnesium phosphate cements, MPC), and novel (e.g., high belite; blended 




be feasible for the partial or full replacement of traditional portland cements (OPC) used 
in concrete. However, there is a limited understanding of the scalability of construction 
with these material systems, their long-term performance, and durability in a range of 
environments, and their structural response when subjected to transportation-relevant 
loading conditions. The goal of this research is to investigate the early-age and long-term 
material properties as well as complete multi-scale durability investigations. From this, 
guidance for ACM selection and mixture design for use in transportation infrastructure, 
including highway structures and rigid pavements, will be provided.  
1.2 Motivation and Background 
Two primary motivations for expanded use of ACMs include their potential to contribute 
to sustainable construction and their potential to provide a longer service life in a range of 
aggressive environments. Many ACMs – a term used here which includes clinkered, 
calcined, and unclinkered binding materials (ACI ITG-10R-18) - often can be produced 
with lower carbon dioxide (CO2) emissions relative to portland cement manufacture. For 
example, manufacturing CSA and CAC cement clinker can result in around 30% and 15% 
reduction in CO2 emissions, respectively [1]. The reduction in CO2 emissions derives from 
the reduced amount of calcium carbonate feedstock and lower temperatures during 
clinkering. When blending clinker with other mineral phases, such as in CSA or ternal 
blends of CAC, OPC, and calcium sulfate (CACT), further reductions in embodied CO2 
can be realized due to clinker dilution. Other ACM formulations, like geopolymers or other 
activated aluminosilicates, do not require calcination. As a result, the embodied CO2 in 
these systems can be quite variable, even among ACM classes, since embodied CO2 for 




considerably based on type and quantity of aluminosilicate precursor(s). Figure 1 gives an 
overview of potential CO2 reductions for ACM cements, calculated based on the cement 
compositions (by phase) used in this study [1]. The relative uncertainty in the production 
methods for the AA and MPC materials examined requires that the values determined for 
those formulations be viewed in that context.  
  
Fig. 1 Calculated potential reductions in embodied carbon dioxide in ACMs 
examined in this study, based upon phase composition. *For class C fly ash 
(precursor for AA system), does not include CO2 emissions from chemical 
activators. Figure recreated from unpublished work (credit: Lisa E. Burris) 
and forthcoming Federal Highway Administration technical report  [2]. 
ACMs also have been used in applications where their unique properties such as high early 
strength development, high later age strengths, low shrinkage, and superior durability are 
of value. For example, activated aluminosilicate materials are known for their thermal 
stability and fire resistance, and MPCs exhibit rapid set and high early strength [3]. 
Whereas CAC systems are known for their superior resistance to acid and sulfate attack 
and mechanical abrasion [4], some CSA systems have been associated for their higher 












































and improved dimensional stability [5,6]. However, despite the potential advantages of 
ACMs, an AASHTO survey [1] conducted at the outset of the project in 2014, revealed 
that only about half the states responding reported having experience using these materials. 
Concerns about the long-term performance of ACM concrete was the most commonly cited 
concern preventing broader use of these materials in transportation infrastructure.  
1.3 Research objective 
The primary objective of this research is to facilitate the rapid adoption of the ACM 
formulations in sustainable transportation infrastructure by comprehensively investigating 
the applications of these novel ACMs, which includes early-age, long-term material 
properties, and a multi-scale durability investigation. The specific goals of this research are 
as follows: 
• To identify commercially available ACMs across a wide variety of formulations 
that are viable for developing mixtures that could be batched with conventional 
equipment. This would provide a greater potential for more rapid upscaling 
compared to lab-produced materials and materials that would require specialized 
manufacturing and batching requirements. 
• To identify prescriptive and performance requirements that meet existing standards 
and specifications, and to design mixtures with ACMs that meet these requirements. 
• To establish dimensional stability, multi-scale durability and other performance 
testing protocols, relying as much as possible on existing standardized test methods, 
and using these testing protocols to benchmark the performance of the ACM 




1.4 Research approach 
To minimize capital investment, it is desirable to use conventional concrete proportioning, 
mixing methods, and construction techniques for ACM concrete. To compare among 
ACMs, and to benchmark against the OPC performance, a combination of prescriptive and 
performance metrics was used. The metrics used were based on input from the federal 
highway administration (FHWA) exploratory advanced research program (contract: 
DTFH61-15-A-0001) advisory board, composed of transportation and construction 
professionals. The prescriptive requirements for the ACM concrete included a water-to-
cement (or solids) ratio of 0.40 or less, at least 765 lbs. cement per cubic yard (454 kg/m3) 
of concrete, and use of a ¾-inch (19 mm) maximum size coarse aggregate meeting ASTM 
C33 #67 gradation. The performance requirements included a set time of 1 hour or more, 
at least 3-inch (76 mm) slump 60 minutes after mixing, 7-day and 28-day compressive 
strength of at least 3500 psi (24 MPa) and 5000 psi (35 MPa) respectively, and a 28-day 
modulus of rupture of at least 700 psi (4.8 MPa). 
The performance was benchmarked against OPC concrete meeting these criteria. ACM 
concrete not achieving these prescriptive and performance requirements were not included 
in further investigation. However, to future-proof the research work, some of the detailed 
investigations were also carried on the ACMs that did not pass the initial screening phase. 
The research was executed in two phases: (1) an initial screening phase that included 
mixture proportioning, early-age and hardened properties, and assessments of basic 
transport properties of all ACMs and (2) a more detailed investigation of downselected 




characteristics that are relevant to realistic operational environments. The specific research 
approach for phase 1 include: 
Part 1.  Detailed understanding of the hydration mechanisms and microstructure 
evolution in the mixtures developed with commercially available ACM 
formulations and comparing it to that of OPC mixture. These include 
understanding the effects of w/b, chemical admixtures (both set modifiers and 
water reducers), and mixing action on both early-age properties and later age 
properties. Vicat test, mini-slump test on cement paste, and flow tests on cement 
mortar will be used to understand the workability of ACM mixtures. Whereas 
several characterization techniques including isothermal calorimetry, in-situ x-
ray diffraction, thermo gravimetric analysis, and scanning electron microscopy 
coupled with energy-dispersive x-ray analysis will be used to understand the 
hydration kinetics and microstructure evolution of these mixtures. 
Part 2.  Detailed understanding of early age and later age properties from part 1 will be 
used to design and develop OPC and ACM concrete mixtures that meet both the 
prescriptive and performance requirements. 
Part 3.  Assessment of basic transport properties of ACM mixtures developed in part 2 
and comparing them to each other and to that of OPC mixtures. 
The research approach for phase 2 includes a detailed assessment of following properties 
of ACM mixtures and comparing them to each other and to that of OPC mixtures: 
• Transport properties of ACM mixtures at varied w/b using water sorption tests and 




• Dimensional stability of ACM mixtures using autogenous tests. 
• Resistance to external sulfate attack. A modified test method based on constant pH 
accelerated sulfate exposure test [6] coupled with several microstructure 
characterization techniques were used to understand the effects of sulfate exposure 
on binder composition and its integrity.  
• Resistance to physical sulfate salt attack. Testing was performed on cement mortar 
cubes subjected to thermal loading to induce cyclic crystallization pressure on 
submerged mortar cubes [7,8]. 
• Resistance to alkali exposure. One modified length expansion test based on ASTM 
1260 test procedure was used to understand the performance of ACM binders in 
severe alkali exposure.  
• Resistance to alkali-silica reaction. Two modified length expansion tests based on 
ASTM 1260 and 1293 tests followed by detailed petrographic examination were 
used to understand the performance of ACM binders in resisting alkali-silica 
reaction of embedded reactive aggregates.  
• Effects of carbonation on binder and pore solution composition. Several accelerated 
carbonation tests at different carbon dioxide (CO2) exposure levels were conducted 
to understand its effects on mechanical properties, porosity, and pore solution pH 
of ACM mixtures. Electrochemical tests were also performed to understand the 
effects of carbonation on the passivity of embedded reinforcements. 
Based on the research outcomes from the two phases, a detailed performance matrix is 





1.5 Thesis organization 
This thesis is organized into 14 chapters. Chapter 1 is the introduction section of this thesis 
providing details on the project description, thesis objectives, and research approach. 
Chapter 2 provides background on the composition and reactions of the ACM systems. 
Information on the materials investigated in this thesis, including their physical and 
chemical properties, are provided in chapter 3.  
Chapters 4 to 8 provide the results and the relevant discussions and conclusions from phase 
1 of the research. The detailed investigation of the reaction mechanisms and microstructure 
evolution of the materials considered in this thesis are provided in chapter 4. Chapters 5 
and 6 provide results from the in-depth investigation of the effects of admixtures and w/b 
on early-age properties, including hydration kinetics and workability, and the extent of 
hydration at later ages. Chapter 7 discusses the concrete mixture design and their fresh 
properties, whereas the later age mechanical characteristics of these concrete mixtures are 
provided in chapter 8. 
The results from phase 2 of the research are discussed in chapters 8 to 13. Chapter 8 also 
discusses the dimensional stability of the ACM mixtures compared to that of OPC. The 
effect of binder composition and w/b on the transport properties of ACM and OPC mixtures 
are discussed in detail in chapter 9. In chapter 10, detailed investigation of the effects of 
external chemical sulfate exposure on the ACM and OPC mixtures is provided. The effects 
of alkali exposure on the ACM and OPC mixtures and the effects of binder composition in 




11. Chapter 12 provides in-depth investigation of the effects of CO2 exposure on the binder 
composition, pore solution pH, and embedded reinforcement in ACM and OPC mixtures.  





2 BACKGROUND ON ACMS 
Like OPC, CSA and CAC are typically produced through clinkering, although their 
compositions vary from OPC. Activated aluminosilicate systems, a broad term that 
encompasses geopolymers [9], are typically unclinkered. Here, the composition and 
reactions of these systems are briefly reviewed, with an emphasis on those factors relevant 
to aspects discussed in the later sections of this thesis. 
2.1 Ordinary portland cement (OPC) 
The main phases present in a typical anhydrous portland cement are C3S, C2S, C3A, C4AF, 
and CSHx. The dissolution and reaction of these phases with water results in the primary 
hydration products (calcium silicate hydrate, ettringite, monosulfate, calcium hydroxide) 
as shown in the SEM-EDS micrograph (Fig. 2) of a Type I/II portland cement hydrated for 
56 days with 0.45 w/b. The calcium silicate hydrates (C-S-H) are the main strength-giving 
component, whereas the calcium hydroxide (portlandite), along with the oxides of sodium 
and potassium are responsible for the alkalinity of portland cement systems. Concrete 
alkalinity helps to maintain the steel reinforcement in a passive state, limiting the corrosion 
rate. Also, C-S-H and monosulfate (AFm) phases, along with anhydrous C3A, can bind 
chlorides [10–13], thereby potentially significantly reducing the concentration of free 





Fig. 2 SEM-EDS micrograph of hydrated cement paste made with an ASTM 
C150 Type I/II OPC cement at 56 days, with w/b of 0.45. 
2.2 Calcium sulfoaluminate cement (CSA) 
The main phases present in a typical CSA cement are CS (anhydrite, or form of calcium 
sulfate) and C4A3S (Ye’elimite) [14]. The possible hydration reactions/products depend on 
the relative amount of calcium sulfate to Ye’elimite present in the cement and the amount 
of portlandite formed with hydration. If there is sufficient sulfate present in the cement, 
reactions (i) and (ii) in Equation 1 occur, forming ettringite as the main hydration product, 
as well as aluminum hydroxide. Whereas reaction (iii) in Equation 1 will be dominant if 
there is insufficient sulfate present in the cement, leading to the formation of monosulfate 
instead of ettringite [15,16]. With CSA cements also containing the C2S phase, a fourth 
reaction (iv) in Equation 1 is also possible if there is excess calcium hydroxide present 





C4A3S + 2𝐶S + 38𝐻 →Ettringite +4AH3   (i) 
3𝐶𝐴 + 3𝐶S + 38𝐻 →Ettringite +2AH3   (ii) 
3C4A3S + 18𝐻 →monosulfate +2AH3   (iii) 
C4A3S + 8𝐶S + 6𝐶𝐻 + 90𝐻 →3 Ettringite   (iv) 
Ettringite and C-S-H (formed in CSA binders containing C2S or other reactive siliceous 
phases) are the main hydration products for CSA cement. With no or low amounts of C3S 
present in typical CSA cements and since the C-S-H is formed from the C2S reaction, the 
amount of portlandite formed is low compared to traditional portland cement systems. 
Also, the portlandite formed early can be consumed to form the ettringite. Therefore, most 
of the alkalinity in CSA systems derives from the presence of the alkalis, sodium (Na) and 
potassium (K) in the pore solution – leading to in general lower pH and pH buffering 
capacity compared to portland systems. These differences in pH, as well as in the hydration 
productions and their concentrations, can lead to considerably different carbonation and 
corrosion mechanisms. Fig. 3 shows the SEM-EDS micrograph of a hydrated CSA belite 
cement produced at 0.45 w/b. As shown in the micrograph, the hydrated matrix is primarily 





Fig. 3 SEM-EDS micrograph of hydrated cement paste made with a CSA 
cement at 56 days, with w/b of 0.45. 
2.3 Calcium aluminate cement (CAC) 
CA, C3A, and C4AF are the main phases (sometimes the only phases) present in calcium 
aluminate cement (CAC). Some CACs may also contain siliceous phases such as C2S and 
C2AS. The nature of hydration products formed on reaction with water greatly depends on 
the temperature during hydration. At lower temperatures below 15 ºC, CAH10 forms 
[reaction (i) in Equation 2], with C2AH8 and C3AH6 [reaction (ii) and (iii) in Equation 3] 
being the dominant hydration product at intermediate (15 to 70 ºC) and higher (> 70 ºC) 
hydration temperatures respectively. C3AH6 is the most stable product. Over time, the 
unstable lower density CAH10 and C2AH8 phases convert to more dense C3AH6, leading to 
increased porosity and a significant reduction in strength [4,18,19]. Also, the C12A7 phase 




room temperature. Fig. 4 shows the SEM-EDS micrograph of a 56-day hydrated CAC 
mixture produced at 0.45 w/b and cured at 23 ºC. the hydrated matrix is primarily C2AH8, 
CAH10, and AH3 phases. A significant amount of C3AH6 phase is not formed since it is 
cured at 23 ºC and it is only at 56 days of age.  
Equation 2 
6CA+60H →CAH10   (i) 
6CA+60H →3C2AH8+3AH3+27H   (ii) 
6CA+60H →2C3AH6+4AH3+36H   (iii) 
C₁₂A₇+60H →6C2AH8+AH3   (iv) 
 
Fig. 4 SEM-EDS micrograph of hydrated cement paste made with a CAC 




Like CSA cement, no C3S phase is present in the CAC, and if C2S is present, the C-S-H is 
formed from its reaction, resulting in lower amounts of portlandite in the hydrated matrix. 
Thus, a lower pH buffering capacity may be expected in CAC systems compared to the 
traditional portland cement. The anhydrous calcium aluminate phases present in CAC can 
bind chlorides from the pore solution, forming Friedel’s salt (C-A-H-CaCl2). However, 
Friedel’s salt is known to partially dissolve over time to calcium aluminate hydrate phases 
(e.g., hydrogarnet), which releases chloride ions into the pore solution. Also, Friedel’s salt 
carbonates rapidly compared to other hydrogarnet phases present in CAC mixtures, again 
leading to the release of bound Cl ions into the pore solution [20–22]. 
2.4 OPC – CAC – Calcium sulfate blends 
In order to minimize the effects of conversion and offset the high costs of CAC, 𝑂𝑃𝐶 −
𝐶𝐴𝐶 − 𝐶𝑆̅ ternary blended cements, consisting of a large proportion of portland cement 
with significant additions of calcium aluminates and calcium sulfates, are becoming 
increasingly common [23]. When mixed with water, both the C3A and CA present in the 
ternary blend hydrate to form ettringite (Equation 3 (i)) and monosulfate (Equation 3 (ii)) 
after the depletion of the system’s calcium sulfate [24]. Additionally, calcium silicate 
phases present in the OPC fraction of the blend will produce C-S-H and CH phases similar 
to normal OPC hydration processes. In mixtures containing calcium carbonate, 
monocarbonate and hemicarbonate phases can also form as shown in Equation 3 (iii) and 
(iv), leading to consumption of CH [25]. The SEM-EDS micrograph of a hydrated CACT 
mixture (Fig. 5) shows a blend of multiple hydrated phases that are a combination of 





3𝐶𝐴 + 3𝐶SH𝓍 + (38 − 3𝑥)𝐻 →Ettringite + 2AH3   (i) 
Ettringite + 6𝐶𝐴 + 16𝐻 →monosulfate + 4AH3   (ii) 
AH3 + 3𝐶𝐻 + 𝐶C + 5𝐻 →monocarbonate   (iii) 
2AH3 + 7𝐶𝐻 + 𝐶C + 11𝐻 →2.hemicarbonate   (iv) 
 
Fig. 5 SEM-EDS micrograph of hydrated cement paste made with an OPC-
CAC-Calcium sulfate blended cement at 56 days, with w/c of 0.45. 
2.5 Activated aluminosilicate binders (AA) 
The products formed in AA systems greatly depend on the type of precursor material and 
the ratio of amorphous silica and alumina to alkalis in the activator solution. In a calcium-




include C-A-S-H type gel, N-A-S-H type gel, as well C-S-H gel and some minor phases 
such as ettringite, AFm phases and stratlingite [26–28]. However, in systems with low 
calcium precursors such as Class F fly ash, N-A-S-H type gel is the dominant hydration 
product. The SEM-EDS micrograph of an activated Class C fly ash with non alkaline 
activator (Fig. 6) shows both the C-N-A-S-H and N-A-S-H gel around the fly ash particles. 
Alkalies from the precursor material buffer the pore solution pH in AA systems with non 
alkaline activators.  
 
Fig. 6 SEM-EDS micrograph of an activated cement paste made with an AA 
binder at 56 days, with w/c of 0.25. 
2.6 Magnesium phosphate cements (MPC) 
Magnesium phosphate cements, which sometimes referred to as chemically bonded 




exists mainly with varying phosphate sources such as KH2PO4, NH4H2PO4, and NaH2PO4. 
Of these, the formulations involving KH2PO4 are found to be effective in producing 
mixtures which doesn’t produce too much heat while setting [29–32]. KH2PO4 has low 
solubility compared to the other two phosphate phases. Equation 4 shows the reaction 
mechanism involving the formation of K-struvite (KMgPO4.6H2O) form the hydration of 
MgO and KH2PO4. Often inert fillers such as wollastonite (CS) are blended with the cement 
to increase the setting time by diluting the reaction phase and also improving the durability 
of the mixtures [29,33]. Fig. 7 shows the SEM-EDS of hydrated MPC mixtures produced 
at 0.30 w/b. The micrograph shows K-struvite as the main hydration product.  
Equation 4 





Fig. 7 SEM-EDS micrograph of hydrated cement paste made with an MPC 






The following nine commercially available ACMs were evaluated and benchmarked 
against ASTM C150 Type I/II portland cement (OPC): 
• Two calcium aluminate cements (CAC1 and CAC2). 
• One ternary blend of calcium aluminate, portland cement, and calcium sulfate 
(CACT). 
• Four calcium sulfoaluminate belite cements, including one with polymer (P) 
modification (CSA1, CSA2, CSA2P, and CSA3).  
• One activated aluminosilicate binder system (AA) consisting of ASTM C618 Class C 
fly ash and a proprietary two-part activator solution (most likely a combination of 
carboxylate-based citrate or lactate activator and a retarder); and 
• One magnesium phosphate cement (MPC).  
Fig. 8 shows the particle size distribution of all the ACMs compared to OPC. Specific 
gravity, specific surface area (SSA), and normal consistency (determined according to 
ASTM standard C187-11) of all the binders are shown in Table 1. The fineness of all the 
3 CSAs and AA is significantly higher compared to OPC and other ACMs. Both the CAC2 
and the ternary blend (CACT) have lower fineness compared to OPC and all other ACMs. 
The oxide composition of all the ACMs and OPC determined from XRF is shown in Table 
2. The phase composition of OPC and ACMs is shown in Table 3. For OPC and all other 
ACMs (except AA and MPC), the phase composition was estimated from quantitative 




OPC and ACMs (except AA and MPC). These micrographs corroborate the phase 
compositions shown in Table 3. For MPC, the phase composition was estimated from the 
oxide composition based on the qualitative understanding of phase composition from the 
SEM-EDS technique. The SEM-EDS micrographs of MPC cement are shown in Fig. 10. 
Whereas for AA, SEM-EDS technique was employed (shown in Fig. 11) to quantify the 
phase composition [34], due to the significant presence of amorphous content. Each of the 
ACMs examined has a lower CaO content than OPC, as related to the lower limestone 
content in their feedstock and associated for savings in carbon dioxide emissions.  These 
cements have different phase composition, which leads to different reaction mechanisms, 
reaction rates, products, and microstructure than OPC.  An overview of the ACM reactions 
with water, or in the case of AA with a chemical activator solution, is discussed in detail 
in section 2 and section 4. 
Fig. 12 shows the initial and final setting times of the paste mixes made with OPC and 
ACMs determined at their normal consistency according to the procedure given in section 
5.1.1. Both CAC1 and CAC2 mixtures have higher initial and final setting compared to 
OPC past mixture. Whereas CACT, CSA1, CSA2, CSA2P, and MPC past mixtures have 
both initial and final setting times less than 60 minutes and significantly lower compared 
to that of OPC. In order to achieve the initial setting time of at least 60 minutes, a 99% pure 
grade anhydrous citric acid was used to retard the setting time in CACT and all the CSA 
binders  [35–38], and a 99% pure boric acid was used to retard the setting time in MPC 
[29,39–41] mixes (refer to section 6.3 for more details).  Two commercially available high 




and admix2 (CHRYSO AL 810 from CHRYSO group) were used to achieve the desired 
workability in ACM and OPC mixtures (refer to section 6.3 and chapter 7 for more details).  
 
Fig. 8 Particle size (a) differential volume, and (b) cumulative volume of 
ACMs compared to OPC. 
Table 1 Specific gravity (SG), specific surface area (SSA), D-values (D10, D50, 
D90), and normal consistency (NC) of ACMs compared to OPC. 
Cement OPC CAC1 CAC2 CACT CSA1 CSA2 CSA2P CSA3 AA MPC 
SG 3.05 3.13 2.97 2.91 2.81 2.81 2.81 2.99 2.58 2.77 
SSA 
(m2/kg) 
333.3 291.5 306.4 302.7 501.3 453.2 492.6 350.2 550.7 398.2 
D10 (m) 2.58 2.95 2.77 3.2 1.59 1.93 1.73 2.35 1.52 2.23 
D50 (m) 12.8 14 15.3 14.3 8.59 8.8 7.96 12.8 9.3 10.9 
D90 (m) 35.4 37.4 40.6 40.8 37.9 29.7 28.6 36.4 41 33.1 
NC* 0.25 0.325 0.285 0.27 0.31 0.31 0.31 0.30 − 0.21 




Table 2 Oxide composition of ACMs compared to OPC. 
Oxide OPC CAC1 CAC2 CACT CSA1 CSA2 CSA2P CSA3 AA MPC 
SiO₂ 17.39 4.54 5.50 14.95 8.96 13.97 14.21 13.20 35.56 21.70 
Al₂O₃ 4.87 38.70 45.16 12.03 20.44 14.70 15.40 18.10 18.80 2.35 
Fe₂O3 4.71 15.89 6.90 2.66 1.57 1.04 0.92 6.60 6.19 0.21 
CaO 65.15 36.72 37.68 55.15 44.91 49.63 49.94 48.30 24.49 16.60 
MgO 1.40 0.54 0.22 2.57 1.65 1.54 1.43 1.50 5.66 23.82 
P₂O₅ 0.13 0.12 0.09 0.14 0.19 0.11 0.10 0.06 0.94 17.61 
SO₃ 2.51 0.13 0.07 7.72 18.87 13.80 13.92 7.50 2.33 0.15 
K₂O 0.48 0.19 0.26 0.83 0.38 0.68 0.62 0.70 0.50 12.10 
Na₂O 0.46 0.06 0.00 0.28 0.10 0.13 0.13 0.10 1.77 0.11 
TiO₂ 0.39 1.87 2.11 0.51 0.47 0.71 0.65 0.93 1.45 0.10 
Mn₂O₃ 0.11 0.19 0.02 0.16 0.08 0.02 0.02 0.08 0.03 0.02 
SrO 0.15 0.02 0.04 0.21 0.08 0.20 0.16 0.10 0.41 0.00 
ZnO 0.03 0.01 0.00 0.11 0.05 0.01 0.02 0.00 0.01 0.00 
Cr₂O₃ 0.09 0.13 0.09 0.07 0.05 0.05 0.05 0.04 0.05 0.03 
CO₂# 0.57 0.90 0.24 1.61 0.50 1.43 0.49 0.38 0.08 0.45 
LOI* 1.56 0.00 1.62 1.00 1.70 1.99 1.94 2.41 1.73 4.74 
 *excluding CO2; #determined using TGA technique; Source: Robert Moser, U.S. Army Engineer Research 




Table 3 Phase composition of ACMs compared to OPC. 
Phase OPC CAC1 CAC2 CACT CSA1 CSA2 CSA2P CSA3 AA* MPC# 
C₃S 65.2 0.0 0.0 40.8 0.0 0.0 0.0 0.0 0.0 0.0 
C₂S 14.0 10.7 12.2 22.7 28.1 41.1 45.2 36.9 0.0 0.0 
CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.2 
CA 0.0 55.3 56.9 15 0.0 0.0 0.0 0.0 0.0 0.0 
C₁₂A₇ 0.0 10.2 1.4 0.0 0.0 1.6 1.1 0.5 0.0 0.0 
C₃A 2.1 18.4 12.3 0.5 0.0 0.0 0.0 0.0 0.0 0.0 
C₄AF 15.1 0.9 0.0 11.1 1.4 1.9 1.2 17.5 0.0 0.0 
CaCO₃ 1.7 0.2 0.0 0.7 1.8 3.9 1.3 0.7 0.0 1.0 
C?̅? 1.6 0.0 0.0 9.1 24.5 15.3 13.8 11.5 3.3 0.0 
C?̅?H₀∙₅ 0.1 0.0 0.0 0.0 2.1 2.9 2.7 0.1 0.0 0.0 
C?̅?H₂ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 
C₄A₃?̅? 0.0 0.0 0.0 0.0 40.7 32.9 33.8 32.2 0.0 0.0 
C₂AS 0.0 2.1 16.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SiO₂ 0.0 0.0 0.0 0.1 0.2 0.4 0.9 0.5 5.0 3.1 
MgO 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23.8 
Fe₂O₃ 0.0 2.2 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.21 
M₂S 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 
KH₂PO₄ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.8 
A𝑥S𝑦 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.4 3.7 
C𝑥S𝑦 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.3 0.0 
C𝑥A𝑦S𝑧 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 75.7 0.0 
other 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.2 1.1 
*estimated based on the quantitative understanding of phase composition from the SEM-EDS technique 
shown in Fig. 11; #estimated from oxide composition based on the qualitative understanding of phase 





Fig. 9 SEM-EDS micrographs of OPC, CACT, CAC1, CAC2, CSA1, CSA2, 





Fig. 10 SEM-EDS micrographs of MPC cement. 
 
Fig. 11 (i) SEM-EDS micrograph of Class C fly ash used as a precursor for 
AA mixtures. (ii) Ternary frequency plot of atomic percentage of (Ca+Mg), 
Si, (Al+Fe). (iii) Ternary frequency plot of atomic percentage of (Na+K), S, P 
in the dotted triangular region of ternary frequency diagram shown in (ii). 






Fig. 12 Vicat setting times of cement pastes made with ACMs at normal 
consistency compared to that of OPC. 















4 REACTION MECHANISMS 
This chapter validates and compares the hydration mechanisms in the commercially 
available ACM formulations with that of lab-produced ACM materials researched in the 
literature. Isothermal calorimetry tests were also performed to understand the effects of 
mixing actions in these ACM mixtures, which is required to develop successful concrete 
mixtures (chapter 7) to meet the set prescriptive requirements and performance target 
(section 1.4) with the understanding of admixture interactions on cement pastes alone 
(chapter 5 and 6).  
4.1 Methods 
4.1.1 Thermogravimetric Analysis (TGA) 
A Hitachi simultaneous thermogravimetric analyzer STA7300 was used to carry out the 
thermogravimetric measurements. TGA was carried out on powdered cement paste 
samples prepared according to mixture proportions shown in Table 4 and cured at 23 ºC in 
sealed bags. Prior to performing TGA, the paste samples were ground and sieved to a 
particle size of less than 300 microns, and the free water was removed using a solvent 
exchange procedure [42]. 5 g of powdered sample was mixed in 50 ml of isopropyl alcohol, 
and the suspension rests for 15 min. Then, the suspension is filtered using Büchner funnel 
and a vacuum pump for 5 min, and later, it is washed with 10 ml of diethylene ether for 
1 min, during which the vacuum pump is turned off. The resulting suspension is again 





The dried sample is further ground and approximately 20 mg of the sample with the particle 
size less than 74 microns is taken in an open 70 l platinum crucible and dried in TG at 25 
ºC under a constant stream of Nitrogen (N2) gas for 15 min, or until the constant mass, 
whichever is longer. Later the temperature is increased to 40 ºC and held constant for 5 
min. Then, the sample is heated from 40 to 1000 ºC, at a rate of 10 ºC/min, and the data is 
recorded at a rate of 120 data points per minute. During measurement, N2 is used as a 
protective gas with a flow rate of 100 mL/min. 
4.1.2 Isothermal calorimetry 
Isothermal calorimetry was also performed on cement pastes mixed in a high shear mixer 
and planetary mixer (ASTM C305-14), and cement mortars, also mixed in a planetary 
mixer (ASTM C305-14) to understand the effects of mixing action on hydration kinetics. 
The mix proportions for both cement pastes and mortars are given in Table 5. The dosages 
of set modifiers/activators were chosen such that the corresponding concrete mixtures had 
a working time of at least 1 hour (refer to section 5 and 7 for more details). Crushed granitic 
river sand (Lambert Sand and Gravel, Shorter, Alabama) with gradation conforming to 
ASTM C33 specification was used in making mortar mixtures. Immediately after mixing, 
approximately 5g of paste mixtures are loaded into HDPE ampules of volume 20 ml, and 
then loaded into an isothermal calorimeter (8 channel TAM Air by Thermometric) at 23 




Table 4 Cement paste mixture proportions. 
Cement w/b Set modifier/ activators (by weight of cement) 
OPC 0.40 − 
CAC1 0.40 − 
CAC2 0.40 − 
CACT 0.40 Citric acid – 1.5% 
CSA1 0.40 Citric acid – 2.0% 
CSA2 0.40 Citric acid – 0.5% 
CSA3 0.40 Citric acid – 0.75% 
AA 0.20 Activator 1 – 2.47%, activator 2 – 2.21% 
MPC 0.30 Boric acid – 14% 
 
Table 5 Cement paste and mortar mixture proportions. 
Cement w/b Sand/cement Set modifier/ activators (by weight of cement) 
OPC 0.40  − 
CAC2 0.40  − 
CACT 0.40 2 Citric acid – 1.5% 
CSA1 0.40 2 Citric acid – 2.0% 
CSA2 0.40 2 Citric acid – 0.5% 
CSA3 0.40 2 Citric acid – 0.75% 
AA 0.25 2 Activator 1 – 2.47%, activator 2 – 2.21% 
MPC 0.30 2 Boric acid – 14% 
 
4.2 Results and Discussion 
4.2.1 Evolution of hydration products/ microstructure 
The thermogravimetric analysis results for OPC and ACM mixtures at 56 days of hydration 
are shown in Fig. 13 (i to ix). Fig. 14 shows the evolution of bound water in OPC and ACM 




portlandite, ettringite, and monosulfate phases, as expected [43–45]. At 9 hours of 
hydration, the hydration products in OPC primarily included ettringite, portlandite, and C-
S-H – as evident by DTG data in Fig. 13 (i) and SEM micrographs in Fig. 17 (i). The total 
bound water in OPC mixtures at 9 h and 56 d of hydration is about 11.2% and 24.6%. The 
standard error for the bound water measurements is less than 1% of the measured bound 
water value (more details in appendix section A.2.2). About 46% of the hydration 
(compared to 56 days) has happened within the first 9 hours of hydration times. Also, out 
of 40% mix water added to the cement, about 15.4% of it did not participate in hydration, 
which can result in significant porosity.  
In CACT mixtures, the hydration products include primarily ettringite, followed by 
hemicarboaluminate, monocarboaluminate, AH3, C-S-H, and portlandite [23–25]. The 
SEM micrographs in Fig. 17 (iii) and DTG in Fig. 13 (ii) show ettringite as the hydration 
product at 24 h of hydration. The total bound water at 8 h, 24 h, and 56 d of hydration are 
about 5.6, 6.7, and 33% by weight of cement. No significant change is observed in the 
bound water during the first 8 to 24 hours of hydration period, which suggests either 
significant retardation or significant latent period in CACT mixtures during the initial 24 
hours. Also, only about 20% of the hydration has happened during the first 24 hours of 
hydration compared to OPC mixtures, where 46% of the hydration happened even in the 
first 9 hours of hydration. However, at the end of the 56 days, only about 7% of the added 
mix water did not contribute to hydration.  
Even though CACT contains significantly higher amounts of siliceous phases (40.8% C3S 




compared to OPC. This suggests the formed portlandite is being consumed back in the 
ettringite reaction [17,25]. 
The hydration products in CAC1 mixtures are CAH10, C2AH8, C3AH6, and AH3, formed 
from the hydration of calcium aluminate phases, and also C2ASH8 formed from the 
hydration of calcium aluminate and siliceous phases – evident by the DTG peaks in Fig. 
13 (v) [4,18,19]. After about 12 hours of hydration, C2AH8 and AH3 are the primary 
reaction products formed – likely due to the higher amount of C12A7 phase in the cement. 
With time more of CAH10 and C3AH6 phases started to appear, and a significant reduction 
in the C2AH8 is observed. The amount of bound water after 12, 35 hours, and 56 days of 
hydration is about 23%, 27, and 31%, respectively. This suggests CAC1 cements hydrate 
faster quicker strength development. At the end of 56 days of hydration, about 9% of the 
mix water did not contribute to hydration.  
Similar to the CAC1 mixtures, the hydration of CAC2 mixtures also resulted in the 
formation of CAH10, C2AH8, C2ASH8, C3AH6, and AH3 phases [4,18,19]. However, the 
hydration in CAC2 mixtures significant amounts of CAH10 phase compared to the C2AH8 
phase. This is because CAC2 cement has a significantly lower amount of C12A7 phase 
compared to CAC1 cement. The SEM micrographs in Fig. 17 (ii) show C-A-H crystals 
growing on cement grain. . The amount of bound water after 13, 35 hours, and 56 days of 
hydration is about 23.5%, 25%, and 31%, respectively. Even though the amount of bound 
water at each of these hydration times is similar to that of CAC1 mixtures, it doesn’t 
necessarily relate to a similar degree of reaction. The primary reaction product in CAC2 
cement is CAH10, which has a higher amount of bound water compared to C2AH8, the 




to CAC1 cements, which is expected since CAC2 cement has a lower amount of C12A7 
phase.  
Conversion is a key issue in CAC mixtures. Fig. 15 and Fig. 16 shows the TGA and XRD 
of both CAC1 and CAC2 mixtures produced at 0.45 w/b and at 56 days of hydration 
compared to the CAC1 and CAC2 mixture that is completely converted. Conversion is 
accelerated in these mixtures by producing at higher w/b (0.45) and exposing them to 60 ºC 
and 100% RH for an additional 56 days. With the conversion, there is a significant decrease 
in CAH10, C2AH8 phases, and an increase in C3AH6 and AH3. Also, the amount of bound 
water decreased by about 20% - most of which would lead to a significant increase in 
porosity [22]. 
In both the CSA1 and CSA2 mixtures (Fig. 13 [v] and [vi]), the main hydration product is 
ettringite, followed by AFm and AH3 phases [15,16,46–49]. There was no portlandite 
present in the hydrated CSA1 and CSA2 systems, suggesting either the portlandite formed 
initially is completely consumed back through the reactions to form ettringite, or that the 
anhydrous C2S phase did not undergo significant hydration because of the limited 
availability of water at the later ages associated with this reaction. The limited availability 
of mix water for C2S hydration can be due to the huge water demand required for the 
reactions involving ettringite formation – which are significantly faster compared to that 
of C2S hydration. The SEM micrographs in Fig. 18 (i) and (ii) show ettringite crystals 
growing on top of cement grains after 6.5 h and 4 h of hydration in CSA1 and CSA2 
mixtures, respectively. Out of 40% mix water added in the CSA1 and CSA2 mixtures, 




6.3% of mix water (by weight of cement) did not contribute to hydration in CSA1 and 
CSA2 mixtures, respectively.  
Similar to CSA1 and CSA2 mixtures, ettringite is the main hydration product in CSA3 
mixtures, and it is the dominant reaction product forming until 5 days (120 h) of hydration 
time – as evident by the DTG graph shown in Fig. 13 (vii). The SEM micrograph in Fig. 
18 (iii) of CSA3 mixtures at 120 h of hydration also show a significant amount of ettringite 
crystals growing on top of the cement grains. At a later stage of hydration (from 6 days 
onwards), monosulfate, C2ASH8, and AH3 are also formed [25]. CSA3 has a significant 
amount of C4AF phase compared to the other CSA cements, which was mainly responsible 
for the formation of monosulfate phase.  
In the AA mixture, the main hydration products are N-A-S-H gel and C-A-S-H (or C-S-H) 
gel. Portlandite, ettringite, and C2ASH8 phases are present in minor quantities (shown in 
Fig. 13 [viii]). The presence of calcium-containing products is expected in this AA system 
because it is based upon a Class C (or calcium-rich) fly ash. The SEM micrographs of AA 
mixtures at 18 hours of hydration (Fig. 19) showed hydration products of different 
morphologies growing on top of the spherical fly ash particles.  
K-Struvite is the main reaction product formed in the MPC mixtures [29–32]. The SEM 
micrographs in Fig. 20 show struvite crystals are growing out of the potassium phosphate 
phase in MPC mixtures. The amount of bound water at 9, 24 hours, and 56 days is about 
14.2%, 17.8%, and 23.7%, respectively. So about 60% of the total hydration compared to 
56 days has occurred in about 9 hours of hydration. Out of 30% mix water added to MPC 






Fig. 13. TGA of cement pastes made with ACMs at different hydration times 
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Fig. 14. Bound water in cement pastes made with ACMs at different hydration 
times compared to that of OPC. 
 
Fig. 15. TGA and bound water of cement pastes made with (i) CAC1 and (ii) 
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Fig. 17. SEM micrographs of (i) OPC, (ii) CAC2, and (iii) CACT cement pastes 
after 9, 35, and 24 hours of hydration, respectively. 
(i) OPC 9h of hydration
(ii) CAC2 35 of hydration
















Fig. 18. SEM micrographs of (i) CSA1, (ii) CSA2, and (iii) CSA3 cement pastes 
after 6.5, 4, and 120 hours of hydration, respectively. 
Ettringite
Ettringite
Ettringite(i) CSA1 6.5h of hydration
(ii) CSA2 4h of hydration









Fig. 19. SEM micrographs of AA cement pastes after 18 hours of hydration , 












Fig. 20. SEM micrographs of MPC cement pastes after (i) 9 hours, and (ii) 24 
hours of hydration. 
4.2.2 Early age reaction kinetics – Effects of mixing action 
Fig. 21 shows the heat evolution and heat of hydration of cement pastes with different 
methods of mixing, normalized to binder content in the mixtures. Calorimetry was 
performed on cement paste with a high-shear mixer, cement paste with a planetary mixer, 
and cement mortar with a planetary mixer. For all the mixtures, the cement paste with a 
high-shear mixer had the highest total heat of hydration (per gram of binder) at 18 hours. 
For AA, the cement paste with a high-shear mixer and the cement mortar with a planetary 
mixer had similar heats of hydration, but the cement paste mixed with a planetary mixer 
had a significantly lower heat of hydration. In CAC2 mixtures, the early age hydration is 











accelerated significantly in cement mortar mixtures mixed with a planetary mixer 
compared to cement paste mixtures mixed in either planetary or high shear mixer. This 
trend was evident up to about 10h of age and is particularly notable when comparing it to 
OPC. Mixing in a planetary mixer or high shear mixer produced less significant effects on 
CAC hydration. The CAC2 mixtures had significant higher mini-slump compared to other 
mixtures (6.2.3), due to which it is possible that the mixing action by the high-shear mixer 
wasn’t able to provide good shear to the mix compared to what is provided by the sand 
grains while mixing mortars in a planetary mixer. However, the total heat of hydration at 
18 hours is higher in cement pastes compared to cement mortar. In all other ACM mixture, 
similar to OPC mixtures, mixing pastes in high-shear mixer accelerated the hydration 
compared to the paste mixtures or mortar mixtures mixed in planetary mixer.  Also, in 
CACT and CSA2 mixtures, the acceleration in hydration provided by high-shear mixing 
action is significantly higher compared to others – as evident by the total heat of hydration 





Fig. 21 Effect of mixing action on heat evolution and heat of hydration of 
cement pastes made with OPC and ACM mixtures at w/c of 0.4 (0.25 for AA 
and 0.30 for MPC). Note: Heat evolution and heat of hydration are normalized 






















































































0 3 6 9 12 15 18
Calorimetry performed on : Cement paste (high-shear mixer), Cement paste (planetary mixer), & Cement mortar (planetary mixer)































































• In CACT mixtures, the hydration products include primarily ettringite, followed by 
hemicarboaluminate, monocarboaluminate, AH3, C-S-H, and portlandite. Whereas 
it is primarily ettringite and AH3 in CSA1, CSA2, and CSA3 mixtures. CSA3 
mixtures also had significant amounts of monosulfate and C2ASH8 phases after 56 
days of hydration. The hydration products formed in these commercial blends is 
similar to the hydration products in the lab-produced materials explored by other 
researchers.  
• Hydrated CAC1 mixtures are primarily composed of C2AH8, C3AH6, and AH3 
phases. CAH10 and C2ASH8 are also formed in addition to those phases. CAC2 
mixtures are primarily composed of CAH10, C3AH6, and AH3 phases, followed by 
the C2AH8 phase. The higher amount of C12A7 phase in CAC1 cement compared to 
CAC2 cement is responsible for the higher amount of C2AH8 phase compared to 
the CAH10 phase. 
• Both CACT and CSA3 mixtures had a slower hydration rate during the initial 24 
hours of hydration compared to OPC and other ACM mixtures – which could lead 
to slower strength development in these mixtures at an early age (refer to chapter 5 
for more details).  
• In OPC, CACT, CSA1, CSA2, CSA3, AA, and MPC mixtures, the mixing action 
provided by the high-shear mixer accelerated the hydration even when compared 
to mortar mixtures mixed in a planetary mixer. Whereas in CAC2 mixtures, the 




with a planetary mixer compared to the cement paste mixtures mixed in planetary 
mixer or even high-shear mixer. So identifying the dosages of admixture for CAC2 
systems based on the cement paste mixtures alone may not be adequate for the 




5 EFFECT OF SET MODIFIERS ON EARLY AGE PROPERTIES 
This chapter examines the influence of set retarders and their dosages on setting time and 
hydration kinetics in ACM formulations. The primary goal of this chapter is to identify a 
suitable dosage of set modifier to achieve an initial setting time greater than 60 minutes 
(section 1.4) without adversely affecting the later age properties of ACM mixtures. 
Isothermal calorimetry tests were used to understand the effect of set retarder dosages on 
cement pastes made with ACM mixtures. In-situ XRD measurements were also made on 
cement pastes to understand, in detail, the effects of retarder dosage on early age hydration 
kinetics and the formation of reaction products/phases.  
5.1 Methods 
5.1.1 Vicat test 
The initial and final setting times are determined on cement paste mixtures made with 
CACT, CSA1, CSA2, CSA3, and MPC at their normal consistency (last row in Table 1) 
with different dosages of set retarder according to the test procedure given in ASTM C191-
13. Citric acid was used as a retarder for CACT, CSA1, CSA2, and CSA3 mixtures [35–
38]. Whereas boric acid was used to retard MPC mixtures [29,30,39–41]. The mixture 





Table 6 Cement paste mixture proportions to understand the influence of set 
modifiers and their dosages on setting time and reaction kinetics. 
Cement w/b at (NC) Set modifier (by weight of cement) 
CACT 0.27 Citric acid (0%, 0.5%, 1.0%, 1.5%, 2%) 
CSA1 0.31 Citric acid (0%, 0.5%, 1.0%, 1.5%, 2%) 
CSA2 0.31 Citric acid (0%, 0.5%, 0.75%, 1.0%, 1.5%) 
CSA3 0.31 Citric acid (0%, 0.25%, 0.5%, 0.75%, 1%) 
MPC 0.21 Boric acid (0%, 6%, 14%) 
 
5.1.2 Isothermal calorimetry 
Isothermal calorimetry was performed on hydrating cement pastes for the mixture 
proportions given in Table 6, and the mixtures were mixed in planetary mixer according to 
ASTM C305–14. Immediately after mixing, the mixtures were loaded into the calorimeter, 
and the heat evolution was measured according to the procedure listed in section 4.1.2.  
5.1.3 Insitu x-ray diffraction (XRD) 
Insitu XRD was performed on hydrating cement paste samples. Immediately after mixing 
(according to the procedure listed in section 5.1.2), the pastes were loaded into the sample 
holder with an opening diameter of 27 mm and the exposed sample surface is covered with 
a low-permeability thin film made of polyethylene terephthalate (i.e., PET or ‘Mylar’) of 
thickness 6 m to prevent evaporation of mix water and carbonation of mix water and 
hydrated paste. A PANalytical Empyrean diffractometer with Bragg−Brentano HD X-ray 
mirror and goniometer radius of 240 mm was used for data collection. The sample was 




and 40 mA operating conditions. Soller slits of 0.04 rad and the fixed Mask, anti-scatter, 
and divergence slits of 10 mm, ½ º, and ⅛ º were used in the incident beam path. In the 
diffracted beam path, a fixed anti-scatter slit of 7.5 mm and soller slits of 0.04 rad were 
used. A PIXcel3D-Medipix3 1x1 area detector with an active length of 3.347 º was used 
for data acquisition. Data was collected over an angular range of 7 º to 70 º with a step size 
and counting time of 0.013 º and 16.32 s, respectively, resulting in a total measurement 
time of approximately 6 min. Phase identification was carried out using PANalytical X’ 
Pert High Score plus v4.5 using PDF-4+ 2017 material identification database by 
International Center for Diffraction Data. 
5.2 Results and Discussion 
5.2.1 Effects of set modifiers on initial and final setting time 
The influence of citric acid retarder on setting time and heat of hydration within the first 3 
hours of CACT, CSA1, CSA2, and CSA3 paste mixtures are shown in Fig. 22. These 
mixtures are prepared at their normal consistency. In general, the heat of hydration 
decreased with the addition of citric acid, and the time to set increased, but the amount of 
delay in set time varied across mixtures with different binders and dosages of retarder.  
In CACT mixtures, with the addition of citric acid even at 0.5%, significant retardation in 
the time of start of the acceleratory period and increase in initial setting time by about 30 
minutes can be observed. With a further increase in dosage to 1.5%, the initial setting time 
increased to about 80 minutes, and the final setting time increased to about 150 minutes. 
However, with further increase in dosage to 2%, a regression in delay in initial setting time 




In CSA1 mixtures, the retardation by citric acid is less effective compared to the CACT 
mixtures. At 0.5% dosage of citric acid, an increase in the initial set by only a few minutes 
(about 10 min) is observed. With a further increase in dosage to 2%, the initial and the final 
setting time increased to about 32 and 135 minutes, respectively. However, in CSA2 
mixtures, the retardation by citric acid is significantly effective compared to both the 
CACT and CSA1 mixtures. With only 0.5% citric acid dosage, the initial and final setting 
time increased by more than 50 and 90 minutes, to about 67 and 125 minutes, respectively. 
With a further increase in dosage, no significant change is observed in heat of hydration 
and the initial setting time is observed; however, the final set time continued to increase.  
At 0.5% citric acid dosage, no significant change in an initial set time is observed in CSA3 
mixtures. However, the final set time increased by more than 60 minutes – as evident by 
the retardation observed in the heat of hydration. With a further increase in dosage to 
0.75%, significant retardation in the heat of hydration is observed, and the initial and final 
setting times increased to about 61 and 120 minutes, respectively. Further increase in 
setting time is also observed with an increase in dosage to 2.0%.  
With the citric acid dosage of 1.5%, 0.5%, and 0.75%, an initial setting time greater than 
60 minutes and a final setting greater than 120 minutes was achieved in CACT, CSA2, and 
CSA3 mixtures, respectively. In CSA1 mixtures, even at 2% citric acid dosage, the initial 
setting time increased to only about 30 minutes; however, the final setting time is higher 
than 120 minutes. With a combination of 2% citric acid dosage and a plasticizer, an initial 
set time greater than 60 minutes was achieved in the CSA1 concrete mixtures and was 






Fig. 22. Influence of set modifier (citric acid) dosage on early heat of hydration 
(left) and Vicat setting times (right) of cement pastes made with (i) CACT, (ii) 
CSA1, (iii) CSA2, and (iv) CSA3 at normal consistency.  
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Fig. 23. Influence of set modifier (boric acid) dosage on early age heat of 
hydration (left) and Vicat setting times (right) of cement pastes made with 
MPC at normal consistency. 
5.2.2 Effect of set modifiers on early age hydration kinetics 
Fig. 24 shows the influence of citric acid dosage on the heat evolution, the heat of 
hydration, and phase development in CACT mixtures. With the addition of citric acid, a 
deceleration and broadening in both the primary and the secondary peak is observed. Fig. 
24 [iii] and Fig. 24 [iv] provides the XRD pattern (for every 60 min - up to 24hrs) of 
hydrating CACT cement paste with 0% and 1.5% citric acid dosage. The XRD patterns 
show that ettringite is the main hydration product, and there is no presence of CH phase 
even after 24 hours of hydration. Fig. 24 (ii) shows the normalized XRD peak intensities 
of ettringite compared to the heat evolution of CACT cement paste with hydration. At 0% 
citric acid dosage, a significant amount of ettringite is formed within the first 2 hours of 
hydration, and no significant increase in ettringite XRD peak is observed thereafter – 
correlating well with the heat evolution peak. With addition of 1.5% citric acid, the 
evolution of ettringite peak is retarded, similar to the heat evolution, and continues to 
evolve throughout the initial 18-hour hydration period examined. Fig. 24 (v) shows the 
heat of hydration of CACT mixtures with 0% and 1.5% citric acid dosage during the initial 
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formation of ettringite initially, after about 22 hours of hydration, the total heat of hydration 
in mixtures with citric acid surpassed that of the one with no citric acid dosage. However, 
addition of citric acid can significantly delay the hydration of phase associated with OPC 
component in the CACT mixtures [25]. This can lead to significant retardation in strength 
development at early ages.  
 
Fig. 24. Influence of set modifier dosage on heat evolution, heat of hydration , 
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Fig. 25 shows the influence of citric acid dosage on heat evolution, the heat of hydration, 
and phase development in CSA1 mixtures. With the addition of citric acid, a deceleration 
and broadening in the primary peak are observed. Fig. 25 [iii] and Fig. 25 [iv] provides the 
XRD pattern (for every 60 min - up to 24hrs) of hydrating CSA1 cement paste with 0% 
and 2% citric acid dosage. The XRD patterns show that ettringite is the main hydration 
product. Fig. 25 (ii) shows the normalized XRD peak intensities of ettringite compared to 
the heat evolution of CSA1 cement mixtures with hydration. At 0% citric acid dosage, a 
significant amount of ettringite is formed within the first 2 hours of hydration, and no 
significant increase in ettringite XRD peak is observed thereafter – correlating well with 
the heat evolution peak. With the addition of 2% citric acid, the evolution of the ettringite 
peak is retarded significantly until about 4.5 hours, similar to the heat evolution, and 
formed at a significant rate from about 4.5 hours to 7 hours of hydration. After about 7 
hours of hydration, no significant change is observed in the peak intensity of ettringite until 
the initial 18-hour hydration period examined. Fig. 25 (v) shows the heat of hydration of 
CSA1 mixtures with 0% and 2% citric acid dosage during the initial 10 days of hydration. 
While the addition of citric acid delayed the heat of hydration and formation of ettringite 
initially, after about 6 hours of hydration, the total heat of hydration in mixtures with citric 
acid surpassed that of the one with no citric acid dosage. However, after 24 hours of 
hydration, the heat evolution in mixtures with citric acid is significantly lower than the 
mixtures without citric acid. So, after about 9 hours of hydration, the total heat of hydration 






Fig. 25. Influence of set modifier dosage on heat evolution, heat of hydration , 
and phase development in cement pastes made with CSA1 at normal 
consistency. 
Fig. 26 shows the influence of citric acid dosage on heat evolution, the heat of hydration, 
and phase development in CSA2 mixtures. Just like the CACT and CSA1 mixtures, the 
main hydration product in CSA2 is ettringite. With the addition of citric acid, a deceleration 
and broadening in both the initial smaller peak and the secondary bigger peak was 
observed. Fig. 26 [iii] and Fig. 26 [iv] provides the XRD pattern (for every 60 min - up to 
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patterns show that ettringite is the main hydration product. Fig. 26 (ii) shows the 
normalized XRD peak intensities of ettringite compared to the heat evolution of CSA2 
cement paste with hydration. At 0% citric acid dosage, a significant amount of ettringite is 
formed within the first 1 hours of hydration, and no significant increase in ettringite XRD 
peak is observed thereafter – correlating well with the heat evolution peak. With addition 
of 0.5% citric acid, the evolution of the ettringite peak is retarded significantly until about 
3 hours, similar to the heat evolution, and formed at significant rate from about 3 hours to 
6 hours of hydration. Fig. 26 (v) shows the heat of hydration of CSA2 mixtures with 0% 
and 0.5% citric acid dosage during the initial 10 days of hydration. While the addition of 
citric acid delayed the heat of hydration and formation of ettringite initially, after about 5.5 
hours of hydration, the total heat of hydration in mixtures with citric acid surpassed that of 





Fig. 26. Influence of set modifier dosage on heat evolution, heat of hydration , 
and phase development in cement pastes made with CSA2 at normal 
consistency. 
The influence of citric acid dosage on heat evolution, heat of hydration, and phase 
development in CSA3 mixtures is shown in Fig. 27. Just like the CACT, CSA1, and CSA2 
mixtures, the main hydration product in CSA3 mixtures is ettringite. With the addition of 
citric acid, a deceleration and broadening in both the primary and the secondary peaks were 
observed. Furthermore, the time delay between the primary and the secondary peaks also 
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the XRD pattern (for every 60 min - up to 24hrs) of hydrating CSA3 cement paste with 0% 
and 0.75% citric acid dosage. The XRD patterns show that ettringite is the main hydration 
product. Fig. 27 (ii) shows the normalized XRD peak intensities of ettringite compared to 
the heat evolution of CSA2 cement paste with hydration. At 0% citric acid dosage, a 
significant amount of ettringite is formed during the initial 3 of hydration, and no 
significant increase in ettringite XRD peak is observed thereafter until 9 hours of hydration 
– correlating well with the heat evolution peak. After about 9 hours of hydration, the 
ettringite continued to form again at a faster rate, coinciding with the second peak observed 
in the heat evolution curve. With the addition of 0.75% citric acid, the evolution of the 
ettringite peak is retarded by only about 1 hour, similar to the heat evolution, and continued 
to evolve throughout the initial 18 hours of hydration. Fig. 27 (v) shows the heat of 
hydration of CSA3 mixtures with 0% and 0.75% citric acid dosage during the initial 10 
days of hydration. The addition of citric acid delayed the secondary peak significantly, and 
the total heat of hydration after 10 days of hydration is about 10% lower in mixtures with 






Fig. 27. Influence of set modifier dosage on heat evolution, heat of hydration , 
and phase development in cement pastes made with CSA3 at normal 
consistency. 
Citric acid is known to retard or accelerate (in some cases) the dissolution and formation 
of phases in multiple ways: 1) It can form complexes with dissolved Ca ions in the pore 
solution, lowering their availability to participate in hydration [50–53]. However, this 
mechanism is found to be weak, and may not significantly contribute to the retardation 
[53]. 2) Citric acid can delay the hydration by getting adsorbed on the cement grains and 
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prevent or retard the nucleation and growth of ettringite crystals in the pore solution [56]. 
4) Citric acid is also known to accelerate the dissolution of some phases that especially 
contain higher amount of ferrites in them (such as C4AF). This is because citric acid forms 
complexes with Fe3+, there by accelerating the growth of dissolution of those phases [57].  
CSA1 binder has higher fineness (Table 1) and higher amount of ye’elimite phase (Table 
2) in them compared to CSA2 and CSA3 binders – which implies total higher surface area 
of ye’elimite grains in CSA1. So, a higher amount of citric acid is required to get adsorbed 
on these ye’elimite grains to slow down their dissolution in CSA1 mixtures (2% by weight 
of cement compared to 0.5% and 1.5% in CSA2 and CSA3 mixtures). However, even 
though CSA3 binders are coarser compared to CSA2, and have similar amounts of 
ye’elimite in them, a higher dosage of citric acid was required to achieve 1 hour setting 
time compared to CSA2 mixtures. CSA3 binders have significantly higher amount of 
ferrous, there by higher amount of C4AF in them compared to CSA2 and CSA1 binders 
(Table 2 and Table 3). These higher amounts of Fe in the cement could have also led to  
partial replacement of Al with Fe in the ye’elimite phase. So, this could have led to 
competing acceleration (for C4AF and ye’elimite containing Fe) and deceleration (for 
ye’elimite phases containing only Al instead of Fe) in the dissolution of phases in the 
clinker. So, a higher dosage of citric acid was required in CSA3 mixtures to achieve 
sufficient set times. However, since higher amounts of citric acid was used, this led to 
significant deceleration in the hydration (evident by the time delay in the occurrence of 
second peak in Fig. 27) at later stages.  
Fig. 28 shows the influence of boric acid dosage on heat evolution, the heat of hydration, 




reduction in the initial peak, and a significant deceleration in the secondary peak was 
observed. Fig. 28 [iii] and Fig. 28 [iv] provides the XRD pattern (for every 60 min - up to 
24hrs) of hydrating MPC mixtures with 0% and 14% boric acid dosage. The XRD patterns 
show that potassium struvite is the main hydration product. Fig. 28 (ii) shows the 
normalized XRD peak intensities of K-struvite compared to the heat evolution of MPC 
cement paste with hydration. At 0% boric acid dosage, a significant amount of K-struvite 
is formed within the first 4 hours of hydration and it continued to form during the rest of 
the hydration period – correlating well with the heat evolution peak. With an addition of 
14% boric acid, the evolution of the K-struvite peak got suppressed significantly during 
the initial 18-hour hydration. The exact mechanism in which boric acid retards the 
hydration in MPC is not fully understood [29,58]. However, addition of boric acid in MPC 
systems is believed to retard the precipitation of hydration products significantly [39,58], 
and it doesn’t form any complexes with the hydration products [58]. So even though a 
significant amount of boric acid is added to the MPC mixtures (14% by weight of cement), 
no change in the composition of hydration products was observed [59]. Fig. 28 (v) shows 
the heat of hydration of MPC mixtures with 0% and 14% boric acid dosage during the 
initial 10 days of hydration. The addition of boric acid significantly delayed the heat of 
hydration significantly during the initial 24-hour period. However, at 10 days of hydration, 
the total heat of hydration in mixtures with boric acid is only about 7% lower compared to 
the mixtures without boric acid dosage. Addition of boric acid at higher dosages is reported 
to significantly reduce the volume of open pores, thereby leading to increase in mechanical 




(longer than 10 days), the mechanical properties at later ages are expected to be better 
compared to the mixtures without boric acid.  
 
 
Fig. 28. Influence of set modifier dosage on heat evolution, heat of hydration , 
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• A suitable dosage of set retarders was identified to achieve an initial setting time 
greater than 60 minutes in all the mixtures investigated in this chapter (except 
CSA1).  
• With the citric acid dosage of 1.5%, 0.5%, and 0.75%, an initial setting time greater 
than 60 minutes and a final setting greater than 120 minutes was achieved in CACT, 
CSA2, and CSA3 mixtures, respectively.  
• In CSA1 mixtures, even at 2% citric acid dosage, the initial setting time increased 
to only about 30 minutes; however, the final setting time is higher than 120 minutes. 
With a combination of 2% citric acid dosage and a plasticizer, an initial set time 
greater than 60 minutes was achieved in the CSA1 concrete mixtures and was 
discussed in detail in chapters 6 and 7. 
• In CACT, CSA1, and CSA2 mixture, while the addition of citric acid delayed the 
heat of hydration and formation of ettringite initially, its retardation effects got 
nullified after about 22, 9, and 5.5 hours of hydration, respectively, whereafter 
which the total heat of hydration in mixtures with citric acid surpassed that of the 
one without citric acid dosage. 
• In CSA3 mixtures, the addition of citric acid delayed the secondary peak 
significantly, and the total heat of hydration after 10 days of hydration is still about 
10% lower in mixtures with 0.75% citric acid compared to mixtures without citric 




citric acid. The higher content of Fe in the CSA3 clinker is believed to be the reason 
for having to use a higher citric acid dosage that retarded the reaction even at later 
ages. More work needs to be performed to understand the influence of citric acid in 
CSA cements containing high Fe content.  
• Boric acid dosage of 14% by weight of binder is required to achieve an initial 
setting time greater than 60 minutes in MPC mixtures. While such high levels of 
boric acid addition in MPC mixtures successfully retarded the mixtures initially, its 
retardation effects continued even until about 10 days of hydration, where the total 
heat of hydration with retarder dosage is about 7 lower compared to the mixtures 
without retarder dosage. This could lead to lower strength development in these 
mixtures as well. However, the addition of boric acid at higher dosages is believed 
to reduce the pore volume of mixtures, leading to better mechanical properties at 
later ages [39]. Also, the usage of boric acid at higher levels did not have any 





6 EFFECT OF PLASTICIZERS AND W/B ON EARLY AND LATER 
AGE PROPERTIES 
This chapter examines the influence of plasticizer and their dosages, and w/b (in case of 
AA and MPC) on both the hydration kinetics and flow characteristics in OPC and ACM 
formulations. A commercially available PCE based superplasticizer (admix1 [commercial 
name - ADVA 195 from gcp applied technologies]) was used to increase workability in 
OPC and ettringite based ACM mixtures [60–64]. Whereas, a commercially available 
plasticizer (admix2  [commercial name - CHRYSO AL 810 from CHRYSO group]) that is 
specifically designed for high alumina cements was used to increase workability in CAC 
mixtures (based on cement manufacturer recommendation). Even though significant 
research has been performed recently on the compatibility of PCE admixtures with CSA 
systems, none of the prior research looked at the compatibility between the set retarders 
(citric acid) and plasticizers (PCE) in CSA mixtures.   
Isothermal calorimetry tests were used to understand the effect of HRWR dosage on 
cement pastes made with ACM and OPC mixtures. TGA measurements were also made on 
cement pastes to understand, in detail, the effects of plasticizer dosage on hydration kinetics 
and the formation of reaction products/phases at both early age and later age. Mini-slump 
and flow tests were performed to understand the influence of plasticizers (w/b in case of 
AA and MPC mixtures) on compatibility with plasticizers and flow characteristics of the 





6.1.1 Mini-slump test 
The mini-slump test method can be used to measure the consistency of cement paste, which 
can be used to evaluate the influence of plasticizers on the workability of cement pastes. 
Consistency is related to the measured area of the pat formed when the mini slum test is 
conducted using the mini-slump cone. The loss in consistency (or slump loss) with 
hydration time can be measured by performing the test at different time intervals. Many 
flow properties of concrete depend on the cement paste component of the mix [65]. The 
mini-slump test on cement paste mixes is performed using a small sample size. Therefore, 
it is rapid and requires less effort and materials than the conventional slump test method 
on concrete mixes. As the mini-slump is conducted on cement pastes, it is more sensitive 
than the slump test method on concrete mixes. Because of the sensitivity of this test, it is 
possible to identify separate effects (like the effect of water reducers on mix stiffening) that 
are not easily differentiated with concrete mix slump data [65]. The dosages determined by 
the mini-slump are often less than those required for comparable slump and water 
reductions with concrete mixes. However, according to Kantro D.L [65], there is a 
correlation between the mini-slump on cement paste to that of slump on the concrete mix. 
Many researchers have used mini-slump to measure the influences of various admixtures 





6.2.1 Isothermal calorimetry 
Isothermal calorimetry was performed on hydrating cement pastes for the mixture 
proportions given in Table 7 and were mixed in high shear mixer according to ASTM 
C305-14. Immediately after mixing, the mixtures were loaded into the calorimeter, and the 
heat evolution was measured according to the procedure listed in section 4.1.2.  
Table 7 Cement paste mixture proportions to understand the influence of 
HRWR and w/b on reaction kinetics. 
Cement w/b 
Set modifier 
(by weight of cement) 
High range water reducer 
(ml/kg of cement) 
OPC 0.4 - Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
CAC1 0.4 - Admix2 (0, 0.5, 1.0, 2.0, 3.0) 
CAC2 0.4 - Admix2 (0, 0.4, 0.8, 1.0, 2.0, 3.0) 
CACT 0.4 Citric acid – 1.5% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
CSA1 0.4 Citric acid – 2.0% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
CSA2 0.4 Citric acid – 0.5% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
CSA3 0.4 Citric acid – 0.75% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
AA 0.20, 0.233, 0.25, 0.30 
activator 1 - 2.47% 
activator 2 – 2.21% 
- 
MPC 0.25, 0.25, 0.30, 0.35, 0.40 Boric acid – 14% - 
 
6.2.2 Thermogravimetric analysis (TGA) 
A Hitachi simultaneous thermogravimetric analyzer STA7300 was used to carry out the 
thermogravimetric measurements. TGA was carried out on powdered cement paste 
samples prepared according to the procedure detailed in section 6.2.1 and cured at 23 ºC in 




particle size of less than 300 microns, and the free water was removed using a solvent 
exchange procedure [42]. 5 g of powdered sample was mixed in 50 ml of isopropyl alcohol, 
and the suspension rests for 15 min. Then, the suspension is filtered using Büchner funnel 
and a vacuum pump for 5 min, and later, it is washed with 10 ml of diethylene ether for 1 
min, during which the vacuum pump is turned off. The resulting suspension is again filtered 
under vacuum for five more minutes, or until the suspension is dry, whichever is longer.  
The dried sample is further ground and approximately 20 mg of the sample with the particle 
size less than 74 microns is taken in an open 70 l platinum crucible and dried in TG at 25 
ºC under a constant stream of Nitrogen (N2) gas for 15 min, or until the constant mass, 
whichever is longer. Later the temperature is increased to 40 ºC and held constant for 5 
min. Then, the sample is heated from 40 to 1000 ºC, at a rate of 10 ºC/min, and the data is 
recorded at a rate of 120 data points per minute. During measurement, N2 is used as a 
protective gas with a flow rate of 100 mL/min. 
6.2.3 Mini-slump test (or miniature slump test) 
The mini-slump cone [71] (shown in Fig. 29) used in this research has the top and base 
diameters of 19 and 38 mm, respectively. The height of the cone is 57 mm. The cement 
paste mixtures were prepared according to the proportions given in Table 8 and were mixed 
in high shear mixer according to ASTM C305-14. Immediately after mixing, the slump 
cone is filled with cement paste and compacted using the flat edge of a spatula for 15 times. 
The excess paste is stroked off using the flat edge of a spatula. Then the cone is lifted 
vertically in 3 seconds. The diameter of the resulting pat is measured in two perpendicular 




is too stiff for consolidation in the cone, the bottom diameter of the cone (38 mm) is used 
in determining the pat area. The test is repeated at 30, 60, and 90 minutes of hydration time. 
Prior to loading the mixtures in the mini-slump cone at these measurement intervals, the 
paste is mixed in a high shear mixer at 10,000 rpm for 60 seconds.  
 
Fig. 29 (a) Picture and (b) sketch of the mini-slump cone used. Based on the 
recommendations provided by Kantro D.L [71]. 
Table 8 Cement paste mixture proportions to understand the influence of 
plasticizer (HRWR) on the pat area in a mini-slump test. 
Cement w/b 
Set modifier 
(by weight of cement) 
High range water reducer 
(ml/kg of cement) 
OPC 0.4 - Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
CAC2 0.4 - Admix2 (0, 0.4, 0.8, 1.0, 2.0, 3.0) 
CACT 0.4 Citric acid – 1.5% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
CSA1 0.4 Citric acid – 2.0% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 
CSA2 0.4 Citric acid – 0.5% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 









6.2.4 Flow test 
The flow of cement mortars made with OPC and ACM mixtures were determined 
according to ASTM C1437-13 at 4, 30, 60, and 90 minutes of hydration. All the mortar 
mixtures were machine mixed in a planetary mixer (ASTM C305-14) according to the 
mixture proportions given in Table 9 and Table 10. Crushed granitic river sand (Lambert 
Sand and Gravel, Shorter, Alabama) with gradation conforming to ASTM C33 
specification was used in making all the mortar mixtures. 
Table 9 Cement mortar mixture proportions to understand the influence of 
plasticizer (HRWR) on the flow of cement mortar. 
Cement w/b 
Set modifier 
(by weight of cement) 
High range water reducer 
(ml/kg of cement) 
Sand content  
(kg per kg cement) 
OPC 0.4 - Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 2.000 
CAC2 0.4 - Admix2 (0, 0.4, 0.8, 1.0, 2.0, 3.0) 1.977 
CACT 0.4 Citric acid – 1.5% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 1959 
CSA1 0.4 Citric acid – 2.0% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 1.926 
CSA2 0.4 Citric acid – 0.5% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 1.926 
CSA3 0.4 Citric acid – 0.75% Admix1 (0, 0.5, 1.0, 2.0, 3.0, 4.0) 1.983 
 
Table 10 Cement mortar mixture proportions to understand the influence of 
w/b on the flow of cement mortar. 
Cement w/b 
Set modifier 
(by weight of cement) 
Sand content  
(kg per kg cement) 
AA 0.20, 0.233, 0.25, 0.30 
activator 1 - 2.47% 
activator 2 – 2.21% 
1.843 





6.3 Results and Discussion 
6.3.1 Effects of plasticizers on early age hydration kinetics and extent of hydration at 
later ages 
Fig. 30 (i) shows the heat evolution and heat of hydration in the OPC mixture at varied 
dosages of admix1. Even though the addition of admix1 retarded the hydration initially, 
the total heat of hydration in mixtures with admix1 surpassed the mixtures without admix1 
within 10 hours of hydration. The TGA of the OPC cement paste with 0 and 4 ml/kg dosage 
of admix1 at 9 hours and 56 days of hydration is shown in Fig. 30 (ii) and (iii), respectively. 
At 9 hours of hydration, a slight reduction in the amount of ettringite and portlandite in the 
mixtures with admix1 can be observed. The bound water (Fig. 38) in OPC mixtures with 
admix1 at 9 hours of hydration is about 9.6%, and it is about 11.2% in mixtures without 
admix1 – showing about 14% retardation in hydration. However, at 56 days of hydration, 
the amount of ettringite and portlandite is higher in mixtures with admix1. The bound water 
in the OPC mixtures with admix1 at 56 days of hydration is about 26.4%, and it is about 
24.6% in mixtures without admix1 – showing an increase in total hydration by about 7% 
with admix1 dosage. The initial retardation provided a greater amount of dissolution of 





Fig. 30 Influence of admix1 at different dosages on (i) heat evolution and  heat 
of hydration, (ii) and (iii) phase development in cement pastes made with OPC. 
Fig. 31 (i) shows the influence of admix2 addition and its dosages on the heat evolution 
and heat of hydration in CAC1 mixtures. Unlike OPC mixtures with admix1 dosage, the 
addition of admix2 significantly retarded the hydration. At an admix2 dosage of 3 ml/kg 
binder, the primary peak in heat evolution got retarded by more than 20 hours. The primary 
heat evolution peak corresponds to the formation of C2AH8 and C2AH8-x phases, as shown 
in Fig. 32 (i). These two phases are the main hydration products in CAC1 cement (section 
4.2.1). The TGA of the CAC1 cement paste with 0 and 3 ml/kg dosage of admix2 at 12 
hours and 56 days of hydration is shown in Fig. 31 (ii) and (iii), respectively. At 12 hours 
of hydration, a significant reduction in the amount of CAH10, C2AH8, AH3, and C3AH6 
phases in the mixtures with admix2 can be observed. The bound water (Fig. 41) in CAC1 
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mixtures without admix2 – showing about 79% retardation in hydration. The bound water 
in CAC1 mixtures with admix2 at 56 days of hydration is about 29.8%, and it is about 
30.6% in mixtures without admix2 – showing about a 3% retardation with admix2 dosage. 
However, the mixtures with admix2 at 56 days of hydration had more amount of converted 
C3AH6 phase compared to the CAH10 phase – which implies the usage of admix2 
accelerated the conversion process in the CAC1 mixtures with only about 3% less bound 
water. The significant early retardation in the mixtures with admix2 dosage provided more 
moisture to the already hydrated unconverted phases, thereby accelerating the conversion 
in them.  
 
Fig. 31 Influence of admix2 at different dosages on (i) heat evolution and heat 
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Fig. 32 Comparing early age heat evolution with phase development in cement 
pastes made with (i) CAC1 and (ii) CAC2. 
The influence of admix2 addition and its dosages on the heat evolution and heat of 
hydration in CAC2 mixtures is shown in Fig. 33. Similar to the CAC1 mixtures, addition 
of admix2 significantly retarded the hydration- however, the amount of retardation is lower 
compared to the CAC1 mixtures. At an admix2 dosage of 3 ml/kg binder, the primary peak 
in heat evolution got retarded by about 8 hours compared to about 20 hours in CAC1 
mixtures. The primary heat evolution peak corresponds to the formation of mainly C2AH8 
and C2AH8-x phases, as shown in Fig. 32 (i). The CAH10 phase started to crystallize early 
compared to the onset of the main heat evolution peak. These phases are also the main 
hydration products in CAC2 mixtures (section 4.2.1). The TGA of the CAC2 cement paste 
with 0 and 3 ml/kg dosage of admix2 at 13 hours and 56 days of hydration is shown in Fig. 
33 (ii) and (iii), respectively. At 13 hours of hydration, the amount of CAH10 phase is 
slightly higher in the mixtures with admix2 compared to the mixtures without admix2. 
However, the amount of C2AH8 and AH3 phases is significantly lower. The bound water 
(Fig. 41) in CAC2 mixtures with admix2 at 13 hours of hydration is about 21.8%, and it is 
about 23.5% in mixtures without admix2 – showing only about 7% retardation in hydration. 















































































































and it is about 30.7% in mixtures without admix2 – showing about 5% with admix2 dosage. 
And unlike the CAC1 mixtures, the CAC2 mixture with admix2 at 56 days of hydration 
had more amount of unconverted CAH10 phase compared to the converted C3AH6 phase – 
likely due to the significant lower retardation in the CAC2 mixtures with admix2 compared 
to the CAC1 mixtures.  
 
Fig. 33 Influence of admix2 at different dosages on (i) heat evolution and heat 
of hydration, (ii) and (iii) phase development in cement pastes made with 
CAC2. 
Fig. 34 (i) shows the heat evolution and heat of hydration in the CACT mixtures at varied 
dosages of admix1. Similar to OPC mixtures, the addition of admix1 retarded the hydration 
initially. However, the total heat of hydration in mixtures with admix1 surpassed the 
mixtures without admix1 [60–64] at only about 36 hours of hydration, compared to 10 
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ml/kg dosage of admix1 at 9 hours and 56 days of hydration is shown in Fig. 34 (ii) and 
(iii), respectively. At 15 hours of hydration, a slight reduction in the ettringite content in 
the mixtures with admix1 can be observed. The bound water (Fig. 38) in CACT mixtures 
with admix1 at 9 hours of hydration is about 6.3%, and it is about 7.3% in mixtures without 
admix1 – showing about 14% retardation in hydration. However, at 56 days of hydration, 
the amount of ettringite, hemicarboaluminate, and monocarboaluminate is higher in 
mixtures with admix1. The bound water in the CACT mixtures with admix1 at 56 days of 
hydration is about 32.8%, and it is about 33.0% in mixtures without admix1 – showing no 
significant change in the total hydration with admix1 dosage.  
 
Fig. 34 Influence of admix1 at different dosages on (i) heat evolution and heat 
of hydration, (ii) and (iii) phase development in cement pastes made with 
CACT. 
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Fig. 35 (i) shows the heat evolution and heat of hydration in the CSA1 mixtures at varied 
dosages of admix1. Unlike OPC and CACT mixtures, the addition of admix1 accelerated 
the primary heat evolution peak by about 1 hour. However, the total heat of hydration in 
mixtures with admix1 during the initial 2 hours of hydration is significantly lower 
compared to the mixtures without admix1. At about 2 hours, the total heat of hydration in 
mixtures with 4 ml/kg admix1 dosage surpassed the mixtures without admix1 dosage. But 
at about 5 hours of hydration time, the crossover happened again, from after which the 
mixtures without admix1 dosage had a higher amount of heat of hydration compared to the 
mixtures with admix dosage. The TGA of the CSA1 cement paste with 0 and 4 ml/kg 
dosage of admix1 at 6.5 hours and 56 days of hydration is shown in Fig. 35 (ii) and (iii), 
respectively. At 6.5 hours of hydration, the amount of ettringite content in the mixtures 
with admix1 is higher compared to the mixtures without admix1 dosage. The bound water 
(Fig. 38) in CSA1 mixtures with admix1 at 6.5 hours of hydration is about 17.2%, and it is 
about 16.9% in mixtures without admix1 – showing about 2% acceleration in hydration. 
However, at 56 days of hydration, the amount of ettringite is significantly lower in mixtures 
with admix1. The bound water in the CSA1 mixtures with admix1 at 56 days of hydration 
is about 34%, and it is about 36.4% in mixtures without admix1 – showing about 7% 
retardation in total hydration with admix1 dosage. The initial acceleration observed with 
admix1 addition might be responsible for the reduction in the total hydration at 56 days – 
the opposite of the dissolution effect observed in OPC and CACT mixtures. This 
contradicts the prior research on CSA systems containing PCEs [60–64] – it could be 





Fig. 35 Influence of admix1 at different dosages on (i) heat evolution and heat 
of hydration, (ii) and (iii) phase development in cement pastes made with 
CSA1. 
Fig. 36 (i) shows the heat evolution and heat of hydration in the CSA2 mixtures at varied 
dosages of admix1. Unlike OPC, CACT, and CSA1 mixtures, no significant effect is 
observed on the heat evolution in CSA2 mixtures with the addition of admix1. The TGA 
of the CSA2 cement paste with 0 and 4 ml/kg dosage of admix1 at 6.5 hours and 56 days 
of hydration is shown in Fig. 36 (ii) and (iii), respectively. At 4 hours of hydration, the 
amount of ettringite content in the mixtures with admix1 is higher compared to the mixtures 
without admix1 dosage. The bound water (Fig. 38) in CSA1 mixtures with admix1 at 6.5 
hours and 56 days of hydration is about 12% and 2% higher compared to the mixtures 
without admix1, respectively. Overall, no significant effect is observed in CSA2 mixtures 
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Fig. 36 Influence of admix1 at different dosages on (i) heat evolution and heat 
of hydration, (ii) and (iii) phase development in cement pastes made with 
CSA2. 
Fig. 37 (i) shows the heat evolution and heat of hydration in the CSA3 mixtures at varied 
dosages of admix1. With the addition of admix1 dosage in the CSA3 mixtures, no 
significant difference is observed in the heat evolution until about 24 hours of hydration. 
But after 24 hours, significant retardation is observed in the heat evolution in the mixtures. 
At 4 ml/kg dosage of admix1, the retardation in the primary heat evolution peak is more 
than 24 hours. At 48 hours of hydration, the total heat of hydration with admix1 dosage is 
about 40% lesser compared to the mixtures without admix1 dosage. After about 144 hours 
of hydration, the heat of hydration in the mixtures with 4ml/kg admix1 dosage surpassed 
the mixtures without admix2 dosage. Winnefeld [60] reported strong retardation with the 























































































































Et – Ettringite Fm – Monosulfo aluminateCT – Calcite Ah – AH3
Dosage: 0, 0.5, 1.0, 2.0, 3.0, 4.0 ml of admix1 per kg  binder




containing gypsum.  Also, the mixtures containing a lower amount of anhydrite 
experienced higher retardation compared to mixtures with higher amount of anhydrite. 
CSA3 binder does not contain gypsum, whereas gypsum is present in both the CSA1 and 
CSA2 binders. Also, CSA3 binders have a lower amount of anhydrite when compared to 
CSA1 and CSA2 binders. This lower amount of gypsum and anhydrite, in addition to the 
significant retardation observed with citric acid in CSA3 mixtures, could be the reasons for 
significant further retardation observed with the addition of admix1.  
The TGA of the CSA3 cement paste with 0 and 4 ml/kg dosage of admix1 at 120 hours 
and 56 days of hydration is shown in Fig. 37 (ii) and (iii), respectively. At 120 hours of 
hydration, a slight reduction in the amount of ettringite and AH3 phases in the mixtures 
with admix1 can be observed. The bound water (Fig. 38) in CSA3 mixtures with admix1 
at 120 hours of hydration is about 16.9%, and it is about 18.3% in mixtures without admix1 
– showing about 8% retardation in hydration. However, at 56 days of hydration, the amount 
of ettringite is higher in mixtures with admix1. The bound water in the CSA3 mixtures 
with admix1 at 56 days of hydration is about 32.4%, and it is about 31.8% in mixtures 
without admix1 – showing an increase in total hydration by only about 2% with admix1 
dosage. The initial retardation provided a greater amount of dissolution of cement grains, 





Fig. 37 Influence of admix1 at different dosages on (i) heat evolution and  heat 
of hydration, (ii) and (iii) phase development in cement pastes made with 
CSA3. 
 
Fig. 38 Effect of plasticizers on bound water in cement pastes made with 
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6.3.2 Effect of admixtures on mini-slump of cement pastes 
The mini-slump parameters (area of a pat) of OPC and ACM paste mixtures versus 
hydration time at varying dosages of plasticizers are shown in Fig. 39. In OPC mixtures, 
with increase in admix1 dosage from 0 to 3 ml/kg of cement, the area of the pat increased 
significantly [72–74]. After further increase in dosage to 4 ml/kg, the mini-slump increased 
at 4 min of hydration, but later dropped significantly compared to the mixture with 3 ml/kg 
dosage. The CACT mixtures, even without admix1 dosage, have significantly higher mini-
slump compared to the OPC mixtures with admix1 dosage. With addition of 1 ml/kg of 
admix1 in CACT mixtures did not significantly change the mini-slump in these mixtures – 
likely because of already high mini-slump in those mixtures without any admix1 dosage. 
In CSA1 mixtures, no significant change in observed in mini-slump with addition of 
admix1 at dosage lower than 2 ml/kg. At dosage of 3 and 4 ml/kg, a significant increase in 
mini-slump is observed until 30 minutes of hydration [60,63]. However, the mini-slump 
significantly dropped even at those higher dosages of admix1. Also, at those higher 
dosages, the mini-slump increased with hydration time for up to 30 minutes and decreased 
from 30 to 60 minutes. This could be due to the multiple mixing cycles on the cement paste, 
or the admix1 might need some time to disperse the cement and water apart. Unlike CSA1 
mixtures, CSA2 mixtures showed significant improvement in mini-slump even at lower 
dosages of amix1, and the mini-slump achieved in these mixtures was higher than that of 
CSA1 mixtures at 4 and 15 minutes of hydration. However, the slump retention capability 
was significantly lower in CSA2 mixtures when compared to CSA1 mixtures – especially 
at higher dosages of admix1. Similar to CACT mixtures, the CSA3 mixtures also had 




ACM mixtures with admix1 dosage. So, no additional mini-slump measurements were 
performed on these mixtures with admix1 dosage. The mini-slump in CAC2 mixtures, even 
without admix2 dosage, increased with hydration time. This could be due to the higher 
setting time in these mixtures, coupled with the multiple mixing cycles that might have 
freed the trapped water between the cement grains. The mini-slump improved with increase 
in admix2 dosages, achieving mini slumps higher than OPC and other ACM mixtures.  
 
Fig. 39 Influence of admixtures at different dosages on mini-slump area of 
cement pastes made with ACMs at w/c of 0.4. 
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6.3.3 Effects of admixtures on flow on cement mortars 
The flow diameter of OPC, CACT, CSA1, CSA2, CSA3, and CAC2 mortar mixtures at 
varied dosages of plasticizers and hydration times is shown in Fig. 40. With an increase in 
the admix1 dosage in OPC mixture, the flow diameter increased significantly and provided 
flow retention up to 90 minutes of hydration. Whereas in the CACT mixture, the increase 
in flow diameter with increase is admix1 dosage is not as significant as compared to the 
OPC mixtures – likely due to the already high flow diameter (compared to OPC and other 
ACMs) in CACT mixture without any admix1 addition. CSA1 mixtures also exhibited 
higher flow compared to OPC mixtures without admix1 dosage. But the rate of reduction 
in flow with hydration time is higher in CSA1 mixtures compared to both the OPC and 
CACT mixtures. An increase in the admix1 dosage resulted in an increase in flow in CSA1 
mixtures. But the magnitude of increase in flow diameter with dosage is not as high as 
compared to that of OPC mixtures or even CACT mixtures. In CSA2 mixtures, an increase 
in the admix1 dosage resulted in an increase in flow diameter and better flow retention, 
even up to 90 min of hydration. However, the increase in flow diameter with dosage is not 
as high as compared to that of OPC mixtures, but it is significantly higher compared to the 
CACT and CSA1 mixtures. Compared to CACT and CSA1 mixtures, CSA3 mixtures had 
significant increase in flow with admix1 dosage. But the flow dropped significantly 
between 60 to 90 minutes of hydration. As discussed in section 5.2.1 and 6.3.1, the CSA3 
mixtures with 0.75% citric acid dosage had about 60 minutes of initial setting time, and 
also the addition of admix1 did not result in any retardation during the initial 24 hours of 
hydration. This could be the reason for the significant reduction in flow after 60 minutes 




improvement in flow characteristics in cement mortars (Fig. 40) compared to mini-slump 
area (Fig. 39) on corresponding cement pastes. This is because all these mixtures 
experienced accelerated hydration at early age when mixed as cement pastes in high shear 
mixer compared to when mixed as cement mortars in planetary mixer. In CAC2 mixtures, 
addition of admix2 did not improve the flow of mortar mixtures both at early age and up 
to 90 minutes of hydration – even though the dosage of admix2 resulted in significant 
increase in the mini-slump of cement pastes made with CAC2. As discussed in section 
4.2.2, the CAC2 mixtures experienced significant acceleration in hydration when mixed 
with sand in planetary mixer compared to mixing just as cement paste in high shear mixer. 
This could be the reason for not seeing improved performance in the flow of cement 






Fig. 40 Influence of admixtures at different dosages on the flow of cement 
mortars made with ACMs at w/c of 0.4. 
 
6.3.4 Effects of w/b on flow on cement mortars made with AA and MPC 
Fig. 41 shows the flow diameter of mortar mixtures made with AA and MPC at different 
w/b and hydration times. An increase in w/b ratio from 0.2 to 0.3 provided a significant 
increase in the flow of AA mixtures, even up to 90 minutes of hydration. In MPC mixtures, 
an increase in w/b also resulted in increase in flow diameter until 60 minutes of hydration, 
but the flow reduced significantly between 60 to 90 minutes of hydration at all the w/b 
examined.  
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Fig. 41 Influence of w/b on the flow of cement mortars made with AA and 
MPC. 
6.4 Conclusions and Recommendations 
• Admixture dosages determined on cement pastes (for OPC and all ACM mixtures 
except CAC mixtures) mixed in a high shear mixer will lead to over conservative 
estimates compared to what is required in cement mortars and concrete mixtures.  
• The addition of plasticizer (admix1) did not significantly affect the heat evolution 
of the cement pastes made with OPC, CACT, and CSA2. In CSA1 mixtures, the 
addition of admix1 significantly accelerated the main hydration peak. However, 
retardation is observed in all these 4 mixtures with the addition of admix1 during 
the initial 2 hours of hydration. This could contribute to increased setting time and 
workability during that early age period.  
• No retardation in heat evolution is observed during the initial 24 hours of hydration 
in CSA3 mixtures with the addition of admix1. However, significant retardation is 
observed in the hydration between 1 and 6 days of hydration time. This could lead 
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to be performed on the interaction of the combination of PCEs and citric acid on 
high Fe CSA systems.  
• In CAC1 and CAC2, the addition of admix2 significantly delayed the reaction. 
However, no significant change is observed in the amount of hydration products 
after about 13 hours of hydration period in the CAC2 mixtures. 
• With an appropriate dosage of superplasticizers, a desirable flow even after 60 
minutes of hydration can be achieved with ACM and OPC mixtures (except CAC2). 
Whereas, for mixtures made with AA, using higher w/b can significantly improve 
the flow characteristics − even for up to 90 minutes of hydration. 
• Admix1 can be used to increase the flow of mixtures with OPC, CACT, CSA1, 
CSA2, and CSA3. However, the effectiveness of the admix1 varied across binders. 
Admix1 was most effective in increasing the flow in OPC mixtures followed by 
CSA2 and CSA3 mixtures. Both the CACT and CSA1 mixtures already had higher 
flow without any admix2 dosage. So, the effectiveness of admix2 is lower in these 
two mixtures compared to OPC, CSA2, and CSA3 mixtures. Admix2 also 
improved the flow retention capability in both the CSA2 (up to 90 min of hydration) 
and CSA3 mixtures (only up to 60 minutes of hydration).  
• Admix2 was not effective in increasing the flow in cement mortar mixtures made 





7 DEVELOPING CONCRETE MIXTURES WITH ALTERNATIVE 
CEMENTITIOUS MATERIALS 
Because many ACMs experience rapid hydration and early set, it was necessary to identify 
suitable retarding admixtures and dosages, particularly for CACT, CSA1, CSA2, CSA3, 
and MPC mixtures. For others, high range water-reducing admixtures (HWRA) were 
needed to achieve necessary workability. A 99% pure grade anhydrous citric acid [22] was 
used to retard the setting times of CACT, CSA1, CSA2, CSA2P, and CSA3 cements. A 
polycarboxylate-based high range water reducer (admix1) conforming to both ASTM C494 
(Type A & F) and ASTM C1017 (Type I) specifications were used to achieve desirable 
slumps in OPC, CACT, CSA1, CSA2, and CSA2P mixtures. A specialized plasticizer 
(admix1), which also acts as a set retarder, was used in CAC2 mixtures. For CAC1, another 
specialized plasticizer (admix3) instead of admix2 was used, since the CAC1 mixtures 
produced with admix2 showed significant bleeding and segregation during the initial 30 
minutes of hydration. Admixture selections were based upon manufacturer 
recommendations. The set modifier (and activator, for the AA) dosages were chosen so 
that the corresponding concrete mixtures had a workable window of at least 60 min and a 
slump of at least 3 inches after 60 minutes of the addition of water.  
The successful concrete mixtures were developed by using a combination of isothermal 
calorimetry, x-ray diffraction, set time assessments, and mini-slump tests to link cement 
characteristics, admixture type, and dosage to early-age behavior. For all ACMs, except 
for CAC1 and MPC, concretes were designed that met the early age requirements for the 




dosing rate, a workable CAC1 mix was not produced. For MPC, an increase in w/c was 
necessary to achieve an adequate slump. This resulted in a concrete mixture that did not 
meet strength criteria.  
Crushed granitic river sand (Lambert Sand and Gravel, Shorter, Alabama) with gradation 
conforming to ASTM C33 specification and crushed granitic gneiss coarse aggregates 
(Vulcan Materials Company Lithia Springs, Georgia) conforming to ASTM C33 #67 
gradation were used in making all concrete mixtures given in Table 4.  In the mixing of 
AA, the activator was added to the water. The sand content was adjusted to account for the 
differences in the specific gravity of all the ACMs compared to OPC, to have the same 
mass of binder in all the concrete mixtures. The concrete mixtures were machine-mixed in 
the concrete drum of capacity 0.255 m3 (9 ft3) according to ASTM C192-14 at w/b of 0.40 
(AA at 0.205 w/b as per manufacturer recommendations). In all the concrete mixtures, the 
water dosage was adjusted to account for the absorption of aggregates. A summary of the 
resulting mix designs for cements that met target performance (except CAC1 and MPC) is 
given in Table 11, and the corresponding concrete slumps achieved after 10 and 60 minutes 








Table 11 Concrete mixture proportions. 
Cement w/b 
Admixtures/ activators 









OPC 0.40 Admix1 - 3.5 ml/kg 454 189 703 1056 
CAC1 0.40 Admix3 – 0.4% 454 189 713 1056 
CAC2 0.40 Admix2 - 1.6 ml/kg 454 189 693 1056 
CACT 0.40 citric acid – 1.5%, HRWR1 - 3.5 ml/kg 454 189 674 1056 
CSA1 0.40 citric acid - 2%, HRWR1 – 3.0 ml/kg 454 189 656 1056 
CSA2 0.40 citric acid – 0.5%, HRWR1 - 0.5 ml/kg 454 189 656 1056 
AA 0.205 activator 1 - 2.27%, activator 2 – 1.78% 488 109 811 1056 
MPC 0.2 
boric acid – 14% 
533 115 660 1056 













OPC 0.4 3.5 
10 8.5 
60 5.0 
CAC1 0.4 1.6 
10 0.8 
20 and 60 0.0 
CAC2 0.4 1.6 
10 8.5 
60 6.0 
CACT 0.4 3.5 
10 9.0 
60 6.5 
CSA1 0.4 3.0 
10 6.2 
60 6.5 
CSA2 0.4 0.5 
10 7.5 
60 4.5 













Fig. 42 Montage of concrete slumps made with ACMs compared to OPC. All 
the concrete mixes (except CAC1 and MPC) have slumps greater than 3 inches 
even after 60 minutes of addition of water.  
7.1 Conclusions 
The successful concrete mixtures were developed by using a combination of isothermal 
calorimetry, x-ray diffraction, set time assessments, and mini-slump tests to link cement 
characteristics, admixture type, and dosage to early-age behavior. For all ACMs, except 
for CAC1 and MPC, concretes were designed that met the early age requirements for the 
set time and slump, at w/c of 0.40 or less. 
OPC
0.4 w/c 60 min
CAC1
0.4 w/c 10 min
CACT
0.4 w/c 60 min
CAC2
0.4 w/c 60 min
CSA1
0.4 w/c 60 min
CSA2
0.4 w/c 60 min
MPC
0.2 w/c 10 min
MPC
0.25 w/c 10 min
CAC1




8 MECHANICAL AND HARDENED PROPERTIES 
This chapter examines the mechanical and hardened properties of ACM mixtures compared 
to that of OPC mixtures. The shrinkage and cracking behavior of the ACMs have not been 
adequately examined and must be better understood and able to be controlled before 
alternative binder concretes can be effectively used in the field. With the reduction in fluid 
transport throughout the hardened media, the binder will begin to self-desiccate, with 
removal of water from the pores leading to increases in capillary pressures. Water will be 
removed from larger pores first, with the generated pressures inversely correlated with pore 
size. As the pressures increase, the section will contract, and autogenous shrinkage will 
occur. Autogenous shrinkage is based on many factors, including the rate and magnitude 
of chemical shrinkage after the paste reaches final set, the development of mechanical 
properties in the hardened binder, and the pore sizes and distribution of pores throughout 
the binder [75].   
8.1 Methods 
8.1.1 Autogenous Shrinkage Testing 
The autogenous shrinkage of ACM mortar samples was measured according to ASTM 
C1698. All the mortar mixtures were mixed at w/b of 0.4 (AA at 0.25 w/b, MPC at 0.3 
w/b), and sand/cement of 2.0 according to the mixture proportions given in Table 13. 
Crushed granitic river sand (Lambert Sand and Gravel, Shorter, Alabama) with gradation 
conforming to ASTM C33 specification was used in making mortar mixtures. The sand 




the water dosage was also adjusted to account for the sand absorption and water content of 
admixtures. All the mortar samples were mixed in a Hobart mixer, according to ASTM 
C305. After mixing, the corrugated tubes were filled and sealed completely according to 
the guidelines provided in the ASTM 1698, and were cured at 230C during the entire testing 
period. The length measurements were made on 4 replicate samples at the time of the final 
setting (shown in Table 14 and determined using Vicat needle of diameter 2mm) and ages 
of 1, 2, 3, 7, 14, 28, and 56 days of hydration. The autogenous shrinkage strains were 
calculated with reference to the initial length measurements made at the final setting time.  
Table 13 Mortar mixture proportions for autogenous shrinkage testing.  
Cement w/b 
Admixtures/ activators 







OPC 0.40 HRWR1 – 2.0 ml/kg 1 0.408 2.000 
CACT 0.40 citric acid – 1.5% 1 0.408 1.959 
CAC2 0.40 HRWR2 – 2.0 ml/kg 1 0.408 1.977 
CSA1 0.40 citric acid - 2%, HRWR1 – 4.0 ml/kg 1 0.408 1.926 
CSA2 0.40 citric acid – 0.5%, HRWR1 – 4.0 ml/kg 1 0.408 1.926 
CSA2P 0.40 citric acid – 0.5%, HRWR1 - 4.0 ml/kg 1 0.408 1.926 
CSA3 0.40 citric acid – 0.75%, HRWR1 - 0.5 ml/kg 1 0.408 1.983 
AA 0.25 activator 1 - 2.47%, activator 2 – 2.21% 1 0.257 1.843 
MPC 0.3 Boric acid – 14%, 1 0.308 1.888 
 
Table 14 Final setting times (in minutes) of mortar mixtures.  
OPC CACT CAC2 CSA1 CSA2 CSA2P CSA3 AA MPC 





8.1.2 Compressive strength 
Compressive strength was measured on 3 concrete cylinders of dimensions 3 in x 6 in, 
which are cured at 23 ºC and 100% RH. The measurements were made at the age of 1, 2, 
3, 7, 14, 21, 28, and 56 days. 
8.1.3 Modulus of elasticity and poisons ratio 
The static modulus of elasticity and poisons ratio were determined on 3 6 in x 12 in concrete 
cylinders according to ASTM C469-14. The cylinders were cured at 23 ºC and 100% RH, 
and the tests were performed at the age of 28 days.  
8.1.4 Flexural strength (modulus of rupture) 
Flexural strength was measured on 3 unreinforced concrete beams of dimensions 6 in x 6 
in x 21 in that are cured at 23 ºC and 100% RH. The beams were tested in simply supported 
third-point loading configuration according to ASTM C78-10 at the age of 3, 7, and 28 
days.  
8.2 Results and discussion 
8.2.1 Autogenous shrinkage of ACMs and OPC 
Fig. 43 shows the development of autogenous shrinkage in the OPC and ACM mixtures 
over 56 days of hydration, while Fig. 44 shows the change in shrinkage for each mixture 
relative to the OPC. The CSA1, CSA2, CAC2, and AA mixtures generated significantly 
less total autogenous shrinkage at both 7 and 28 days, compared to the OPC mixture, while 




addition in CSA2P mixtures might have been the reason for higher shrinkage observed in 
these mixtures. With hydration in these mixtures, the amount of free water in the capillary 
porosity reduces, which causes the polymers to polymerize and precipitate in the pores – 
which can lead to higher shrinkage. Since all the autogenous shrinkage measurements were 
made from the final setting time, it might be the reason for lower shrinkage values observed 
in the case of CSA2, CAC2, and AA. Most of the shrinkage for these three cements 
occurred before the final set and thus is best captured during chemical shrinkage 
measurements (especially for CSA2 and CAC2) rather than autogenous shrinkage 
measurements [76]. Additionally, most of the shrinkage developed by the CSA2, CAC2, 
and AA mixtures was developed during the first 48 hours of measurements, with only small 
increases continuing over the subsequent 54 days. Increases in shrinkage occurred over a 
much longer period for the CACT mixture and were likely a result of continued hydration 
of the calcium silicates present in large proportion in that mixture as the continuing changes 
in the CACT mixture were similar to those occurring in the OPC mixture (section 4.2.1). 
Regression of shrinkage appeared to occur in the CAC2 sample at about 28 days of 
hydration and was believed to indicate the start of conversion in that sample. Conversion 
results in release of water (Fig. 16) that can lead to regression in shrinkage. CSA3 mixtures 
showed increasing expansion for about 14 days of hydration and was constant for the 
remainder of the test period. MPC mixtures exhibited shrinkage until 3 days of hydration 
and continued to expand significantly thereafter until 14 days of hydration and stayed 











Fig. 44 Relative autogenous shrinkage of the ACM mortar samples compared 
to that of OPC at 3, 7, and 56 days of hydration. 
8.2.2 Mechanical Properties 
Fig. 45, Fig. 46, and Fig. 47 shows the concrete compressive strength development over 
56 days, flexural strength (modulus of rupture or MOR) development over 28 days, and 
28-day elastic modulus and Poisson’s ratio, respectively. The ACMs examined – CAC2, 
CACT, CSA1, and CSA2 – met the performance requirements set (i.e., 7-day strength of 
3500psi; 28-day strength of 5000psi; 28-day MOR of 700psi). Even though AA concrete 
mixers met the 7 and 28-day strength requirements, its 28-day MOR was lower than 700psi. 
CSA3 mixtures did not meet both the 7-day compressive strength and 28-day MOR 
requirements. The rates of strength development and the ultimate strength, both in 
compression and flexure, varied considerably among the ACMs, with CAC2 achieving the 
highest strengths. However, caution should be taken with CAC2 due to significant strength 










































28 to 56 days in CAC2 shown in Fig. 45. CAC2, CSA1, and CSA2 mixtures developed 
significantly higher strength compared to OPC and other ACM mixtures. These three 
mixtures even surpassed the 28-day strength requirement after 1 day of hydration. CAC2 
and CSA1 mixtures also had higher MOR compared to OPC mixtures at 28 days of 
hydration. NO significant difference is observed in elastic modulus and Poisson's ratio in 
ACM mixtures compared to the OPC mixtures after 28 days of hydration.  
 


































Fig. 46 Flexural strength of ACM and OPC concrete mixtures at different 
hydration times. 
 
Fig. 47 Modulus of elasticity and poisons ratio of ACM and OPC concrete 








































































8.3 Conclusions and Recommendations 
Based on the evaluation performed in this chapter, the following conclusion are made: 
• CAC2, CSA1, CSA2, and AA mixtures showed significant lower autogenous 
shrinkage compared to OPC and other ACM mixtures. Whereas both CSA3 and 
MPC mixtures exhibited significant expansion. CACT and CSA2P mixtures 
exhibited significant shrinkage compared to other ACM mixtures but were similar 
to that of OPC mixtures.  
• CACT, CAC2, CSA1, CSA2, and AA mixtures along with the OPC mixtures met 
the 7-days and the 28-day compressive strength requirements, whereas only OPC, 
CACT, CAC2, CSA1, and CSA2 mixtures met the 28-day MOR requirement. 
CSA3 mixtures did not meet both the 7-day compressive strength and 28-day MOR 
requirements.  
• No significant difference is observed in both the elastic modulus and the Poisson’s 




9 TRANSPORT PROPERTIES 
Water sorptivity tests were performed on ACM mortar mixtures at varied w/b to understand 
its influence on porosity and transport in ACM systems compared to that of OPC. 
Formation factor measurements were also made over mortar mixtures at varied w/b to 
understand the effects of w/b and binder composition on permeability and interconnectivity 
of the system. The range of w/b examined for each ACM was based upon fresh properties, 
bounding against segregation and stiffness. By examining a range of w/b, the sorptivity 
tests and formation factor measurements can be used to benchmark the performance of 
different ACM mixture proportions against OPC.  
The current testing protocol for formation factor measurements involves measuring the 
concrete resistivity and also the pore solution resistivity [77–79]. The pore solution 
resistivity is determined by either one of the following three approaches [80]: 1) assuming 
a constant value based on the wide range of binders used in the USA, 2) estimating the 
pore solution resistivity based on the binder chemistry [81], and 3) experimentally 
measuring the resistivity on the expressed pore solution. Out of these three approaches, the 
third approach is the most accurate method for portland cements. ACM systems have a 
wide range of cement chemistry that are different from portland systems. Also, no virtual 
models exist to date to predict the pore solution chemistry of ACM systems based on their 
binder chemistry. The extraction of pore solution can be tedious and may not be reliable, 
especially for systems that have higher resistivity. Using other pore solution extraction 
methods such as ex-situ leaching and in-situ leaching methods are found to be not reliable 




in measuring the pore solution resistivity of a wide range of ACM systems. So a new test 
method (section 9.1.2) is proposed to measure the formation factor in both the OPC and 
ACM systems. This test method is similar to the formation factor measurement approach 
used for testing geological rocks, where the rocks are saturated with a known high molar 
solution (usually ionic brine solution) [85]. Since the resistivity of the filling solution is 
already known, a simple test to measure the electrical resistivity of the saturated rock is 
sufficient to calculate the formation factor in those systems. However, the cement-based 
OPC and ACM systems already possess some pore solution in them, which can change the 
resistivity of the filling solution. This issue can be avoided by vacuum drying the samples 
before saturating them with an overwhelming low resistive solution (such as 1N NaOH).  
9.1 Methods 
9.1.1 Water sorption 
The initial and secondary water sorptivity rates were determined on cement mortar discs, 
averaged from two test specimens. The cylinders of 3 inches (76.2 mm) diameter and 6 
inches (152.4 mm) height are cast according to mix proportions given in Table 15 and 
cured at 23 ºC and 100% RH for 28 days. A standard ASTM 20-30 test sand from Humboldt 
Mfg. Co. conforming to ASTM C778 specification was used in making all the mortar 
mixtures. After curing, the cylindrical mortar samples were cut into discs of 3 inches (76 
mm) in diameter and thickness of 1.5 inches (38.1 mm) using a wet tile saw. Later, the 
mortar discs were further cured for an additional 28 days at 55% RH, and epoxy coated on 
all sides except one end of the flat surface. After the epoxy coat dried, the uncoated side of 




water is measured by weighing the specimens at intervals of 30 min, 60 min, every hour 
until 6 hours to determine initial sorption rate; and once a day up to 7 days to determine 
secondary sorption rate. The sorption rate (mm/s0.5) is measured using the slope of the line 
that is the best fit to water absorption plotted against the square root of time (s0.5), according 
to ASTM C1585-13. 
Table 15 Cement mortar mixture proportions for water sorptivity and 
formation factor tests. 
Cement w/b 
Admixtures (by 







OPC X = (0.4, 0.45, 0.485) - 100 100*X 275 
CACT X = (0.35, 0.4, 0.45, 0.485) Citric acid – 1.5% 100 100*X 271 
CAC2 X = (0.4, 0.45, 0.485, 0.55) - 100 100*X 273 
CSA1 X = (0.4, 0.45, 0.485, 0.55, 0.60) Citric acid – 2.0% 100 100*X 268 
CSA2 X = (0.35, 0.4, 0.45, 0.485) Citric acid – 0.5% 100 100*X 268 
CSA2P X = (0.35, 0.4, 0.45, 0.485) Citric acid – 0.5% 100 100*X 268 
CSA3 X = (0.35, 0.4, 0.45, 0.485, 0.55) Citric acid – 0.5% 100 100*X 273 
AA 
X = (0.21, 0.233, 0.25, 0.30, 
0.35, 0.40, 0.45) 
Activator 1 – 2.47% 
Activator 2 – 2.21% 
100 100*X 259 
MPC X = (0.25, 0.30, 0.35, 0.40, 0.45) Boric acid – 14% 100 100*X 264 
9.1.2 Formation factor 
The formation factor was measured on cement mortar discs, averaged from two test 
specimens. The cylinders of 3 inches (76.2 mm) diameter and 6 inches (152.4 mm) height 
are cast according to mix proportions given in Table 15 and cured at 23 ºC and 100% RH 
for 28 days. Then they were cut into discs of 3 inches (76 mm) in diameter and thickness 
of 1.5 inches (38.1 mm) using a wet tile saw. Later, the mortar discs were further cured for 




vacuum for 2 hours, purged with dry N2 gas, and the initial weight (W1) was taken. 
Immediately after taking the initial weight measurement, the samples were saturated with 
1N NaOH solution (except for MPC — which was saturated with 1N KCl solution) 
according to the vacuum conditioning procedure adapted from ASTM 1202-19 (section 9). 
After conditioning, the weight of the saturated mortar disc (W2) and its bulk electrical 
resistivity was measured. The bulk resistivity was measured according to the test setup 
shown in Fig. 48. Formation factor (F) of the mixture was determined according to 
Equation 5 [86], where the bulk resistivity of the saturated solution (1N KCl solution for 
MPC, 1N NaOH solution for the rest) was determined using the concentration of ions 
present in solution according to the method given in Snyder et al. [87]. The total porosity 
was measured according to Equation 6. The formation factor is plotted against total 
porosity in log-log plot (Fig. 49) to verify if the relationship between formation factor and 
total porosity follows Archie’s law [88] in heterogenous mixtures [89,90] according to 
Equation 7, where F is formation factor, Φ is total porosity, m is pore geometry 









Formation factor (F) = 
𝐵𝑢𝑙𝑘 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 𝑚𝑜𝑟𝑡𝑎𝑟 𝑑𝑖𝑠𝑐




Total porosity (Φ) = 
100 × (𝑊₂ −𝑊₁)








Fig. 49 Formation factors versus total porosity at varied w/b. 
Equation 7 
F = A × Φ−𝑚 
 
 
9.2 Results and Discussion 
9.2.1 Water sorption 
Fig. 50 shows the initial and secondary sorption rate of ACM mortar mixtures at varied 
w/b compared to OPC mixtures at w/b of 0.40, 0.45, and 0.485. The total amount of water 
sorption after 7 days of exposure is given in Fig. 51. First, for the OPC, as expected, with 
increasing w/b, an increase in initial and secondary sorption rates and an increase in total 
water sorption was observed due to an increase in porosity and pore structure 
interconnectivity [91]. At w/b of 0.485, a reduction in secondary sorption rate was observed 
– likely due to the significantly higher initial sorption. The initial and secondary sorption 
rates can be related to the penetration of foreign substances, especially in relatively dry and 
partially saturated concrete, where the external substances (such as Cl ions) permeate into 




















the system along with water. So, higher initial sorption rates with lower secondary sorption 
rate could imply higher penetration rates of external substances with shallow penetration 
depths (e.g., due to capillary suction), whereas higher initial and secondary sorption rates 
imply higher penetration rates with higher penetration depths [92].  
In CACT mixtures, the initial sorption rate significantly increased with an increase in w/b 
from 0.35 to 0.45, and slightly decreased with further increase in w/b to 0.485. The 
secondary sorption rate also increased with an increase in w/b from 0.35 to 0.40 but 
decreased with further increase in w/b to 0.485. At a w/b between 0.40 and 0.485, the initial 
sorption rate in CACT is at least three times that of corresponding w/b in OPC – suggesting 
significantly higher interconnectivity in the porosity in CACT mixtures compared to OPC 
at this w/b. The secondary sorption rate is also higher in CACT mixtures at w/b of 0.40 and 
0.45 compared to that of OPC. However, the secondary sorption rate at 0.485 is similar to 
that of OPC. Even at w/b of 0.40 and 0.45, the initial and secondary sorption rates in CACT 
were significantly higher compared to that of OPC at w/b of 0.485. Also, the total water 
sorption at 7 days is higher in CACT at w/b greater than or equal to 0.40 compared to OPC 
at 0.485. However, at w/b of 0.35, the initial and secondary sorption rates, as well as the 
total sorption is significantly lower in CACT mixtures compared to that of OPC at 0.4 w/b.  
In CAC2 mixtures, the initial sorption rate increased with an increase in w/b from 0.40 to 
0.45. But it decreased with an increase in w/b from 0.45 to 0.485, and significantly 
increased with further increase in w/b to 0.55. The decrease in the initial sorption rate 
between w/b of 0.45 and 0.485 could be due to the increase in initial dispersion of cement 
grains leading to a greater extent of hydration. However, the secondary sorption rate 




or equal to 0.45 have higher or similar initial sorption rates to that of OPC mixture at 0.485, 
and the secondary sorption rates are significantly higher even at w/b of 0.40 compared to 
OPC at both 0.40 and 0.485 – resulting in higher total sorption (after 7 days) at 0.40 
compared to OPC at 0.40. The total sorption for CAC2 mixtures at w/b 0.45 is even higher 
than the OPC mixtures at 0.485 w/b. Overall the CAC2 mixtures have significantly higher 
water sorption compared to the corresponding OPC mixtures – suggesting significantly 
greater interconnectivity in the porosity in CAC2 mixtures compared to OPC mixtures. 
The initial and secondary sorption rates increased with an increase in w/b in CSA1 
mixtures. The initial sorption rates in CSA1 mixtures are either lower or similar to the 
corresponding OPC mixtures at the same w/b. Also, even the initial sorption rate in CSA1 
mixtures at w/b of 0.6 is lower compared to OPC mixtures at 0.485 w/b. However, the 
secondary sorption rates are either similar or significantly higher compared to OPC 
mixtures at corresponding w/b ratios. The total water sorption at every w/b (except at 0.45) 
is also higher in CSA1 mixtures compared to the OPC mixtures. 
In CSA2 mixtures, like CACT, the initial sorption rates increased with an increase in w/b 
from 0.40 to 0.485, whereas the secondary sorption rates decreased with an increase in w/b. 
At a w/b of 0.40, 0.45, and 0.485, the initial sorption rate in the CSA2 mixtures are 
significantly higher compared to that of OPC at the corresponding w/b – again suggesting 
greater interconnectivity in the porosity in CSA2 mixtures (like CACT) compared to OPC. 
The CSA2 mixture also had a higher initial sorption rate even at w/b of 0.45 compared to 
OPC at 0.485, but the secondary sorption rate at all the w/b investigated in this paper 
(except 0.35) was either similar or lower compared to OPC at both 0.40 and 0.45. Overall, 




mixtures at corresponding w/b. The total sorption in the CSA2 mixture at w/b of 0.35 is 
even higher compared to OPC mixtures at w/b of 0.4.  
CSA2P mixtures showed significant improvement in sorption rates compared to CSA2 
mixtures – likely due to polymer addition. The initial sorption rates in CSA2P mixtures at 
w/b of 0.40, 0.45, and 0.485 are significantly lower compared to the corresponding OPC 
mixtures. The secondary sorption rate and the total water sorption at w/b of 0.4 is also 
significantly lower (at least 3 times lower) compared to that of OPC mixtures. However, at 
w/b of 0.45 and 0.485, the secondary sorption rates and the total water sorption are higher 
in CSA2P mixtures compared to that of OPC mixtures.  
The initial sorption rates in CSA3 mixtures increased with an increase in w/b from 0.35 to 
0.40 but continuously decreased with further increase in w/b to 0.55. However, the 
secondary sorption rates remained constant with w/b. The initial sorption rates in CSA3 
mixtures are significantly higher compared to that of OPC mixtures at w/b of 0.40 and 0.45. 
Whereas it is similar to OPC at w/b of 0.485. However, the secondary sorption rates are 
lower compared to that of OPC at w/b of 0.40 and 0.45. Overall the total water sorption in 
CSA3 mixtures at w/b between 0.40 and 0.55 is significantly higher compared to OPC 
mixture even at w/b of 0.485, and the total sorption at w/b of 0.35 in CSA3 is similar to 
OPC at 0.45 w/b –  suggesting greater interconnectivity in the porosity in CSA3 mixtures 
(like CACT and CSA2) compared to OPC mixtures.  
In AA mortar mixtures, since the amount of water required for hydration is significantly 
lower compared to OPC and other ACMs evaluated in this paper, the w/b was limited to 




mixture at w/b of 0.40 and 0.45 are still shown. These mixtures experienced heavy bleeding 
during curing – so no efforts were made in explaining the data corresponding to these two 
w/b. The initial sorption rates in AA mixtures did not change significantly with an increase 
in w/b from 0.233 to 0.35. However, the secondary sorption rates decreased with an 
increase in w/b from 0.233 to 0.25 but increased significantly thereafter. At w/b ratios 
between 0.233 and 0.35, all the AA mixtures had higher initial sorption rates and total 
water sorption compared to OPC mixture at w/b of 0.40 and lower compared to the OPC 
mixtures at 0.485 w/b.  
Similar to AA mixtures, the MPC mixtures also experienced bleeding at higher w/b – but 
only at 0.45 w/b. The initial sorption rates increased with an increase in w/b from 0.25 to 
0.40 in MPC mixtures. The secondary sorption rates also increased with an increase in w/b 
from 0.25 to 0.30 but decreased significantly thereafter with further increase in w/b to 0.40. 
The initial sorption rates in MPC at w/b of 0.25 and 0.30 are significantly lower compared 
to that of OPC mixtures at 0.40, and were either similar or higher in MPC mixture at w/b 
to 0.35 and 0.40 compared to OPC mixtures at 0.485 w/b. The total water sorption in MPC 
mixtures at w/b of 0.25 and 0.30 is lower compared to OPC mixtures at 0.45. However, at 
w/b of 0.35 and 0.40, the total sorption in MPC mixtures is similar or higher compared to 
OPC mixtures at 0.485 w/b.  
Overall, all the ACM mixtures (except CSA2P, AA, and MPC) had higher total sorption 
compared to OPC at the same w/b of 0.40, 0.45, and 0.485. The CSA1 mixture at 0.45 w/b 
had slightly lower total sorption compared to OPC at the same w/b. At w/b less than or 
equal to 0.485, the CACT mixtures exhibited higher differences in initial sorption rates 




mixtures are more sensitive to changes in w/b with initial sorption rate compared to other 
ACMs investigated here. CSA2P mixtures exhibited higher sensitivity to w/b with the 
secondary sorption rates as well as the total water sorption.  
In order to design mixtures with similar sorption compared to OPC at 0.40, the w/b in all 
the ACM mixtures (except CSA2P) should be less than 0.40. The CSA2P mixture at 0.4 
w/b has significantly lower sorption compared to that of OPC. In the AA mixture, the total 
sorption w/b should be further lower than 0.233 and 0.30. Whereas in MPC it should be 
lower than 0.30. 
9.2.2 Formation factor 
Fig. 52, Fig. 53, and Fig. 54 shows the total porosity, formation factor, and 
interconnectivity in OPC and ACM mixtures at varied w/b, respectively. In OPC mixtures, 
as expected, the formation factor reduces with an increase in the w/b ratio. At 0.4 w/b, the 
formation factor in OPC mixtures is about 820, and it dropped to about 470 at 0.485 w/b.  
Similar to OPC, the formation factor also reduced in CACT mixtures with an increase in 
w/b. However, the formation factors were significantly lower compared to the 
corresponding OPC mixtures. At w/b of 0.35, the formation factor in CACT mixtures is 
lower than the OPC mixtures at 0.485 w/b – even though the total porosity in CACT 
mixtures at 0.35 w/b is lower than OPC mixtures at 0.485 w/b. Overall this resulted in  
significantly greater interconnectivity in the porosity in CACT mixtures compared to the 




In CAC2 mixtures, no trend in the formation factor and total porosity is observed with an 
increase in w/b. This could be due to conversion that is continuously happening in CAC2 
mixtures, and the rate of which depends on multiple factors such as w/b, hydration, etc. 
Overall, the total porosity in the CAC2 mixtures between w/b of 0.40 to 0.55 is similar to 
OPC mixtures at 0.485 w/b. And the formation factor in CAC2 mixtures at these w/b is 
significantly lower compared to OPC mixtures even at 0.485 w/b. The formation factor in 
CAC2 mixtures is also lower in CAC2 mixtures compared to CACT mixtures, but only at 
w/b of 0.40 and 0.45. Similar to the CACT mixtures, the CAC2 mixtures also have 
significantly higher interconnectivity in pore structure compared to the OPC mixtures. 
Similar to OPC and CACT mixtures, the formation factor in CSA1 mixtures increased, and 
the total porosity decreased with an increase in w/b. At w/b of 0.40 and 0.45, the formation 
in CSA1 mixtures is significantly higher (about 60% higher) compared to OPC mixture at 
corresponding w/b. However, at w/b of 0.485, the formation in CSA1 mixtures is similar 
to that of OPC mixtures at 0.485 w/b. This resulted in significantly lower interconnectivity 
in the CSA1 mixtures compared to the OPC mixtures, especially at w/b lower than 0.485.  
In CSA2 mixtures, the formation factor also increased, and the total porosity also decreased 
with an increase in w/b. Compared to OPC mixtures, the total porosity is higher, and the 
formation is lower in CSA2 mixtures at the corresponding w/b. The formation factor in 
CSA2 mixture at w/b of 0.35 is even lower compared to OPC mixtures at w/b of 0.40 – 
suggests higher interconnectivity in CSA2 mixtures compared to OPC and CSA1 mixtures.  
In CSA2P mixtures, the formation factor at w/b to 0.40 is about 4150 and is about 5 times 




further increase in w/b to 0.45, the formation factor dropped to about 235, significantly 
lower compared to both the OPC and CSA1 mixtures. The significantly higher formation 
factor and lower interconnectivity at 0.40 are due to the polymer addition, and the 
significant drop in formation with an increase in w/b to 0.45 suggests that the polymer 
addition is only effective at lower w/b. At higher w/b of 0.45 and 0.485, the polymer 
addition only showed modest improvements in formation factor compared to the CSA2 
mixtures at the corresponding w/b. At w/b of 0.35, the formation factor in CSA2P mixtures 
is significantly lower compared to the mixture at w/b of 0.40. The CSA2P mixtures 
experienced heavy compaction issues at w/b of 0.35 – which could be the reason for the 
lower formation factor.  
In CSA3 mixtures, the formation factor also increased, and the total porosity decreased 
with an increase in w/b. The total porosity in CSA3 mixtures was significantly higher, and 
the formation factor was significantly lower compared to the corresponding OPC mixtures 
– which resulted in overall significantly higher interconnectivity in the porosity of CSA3 
mixtures compared to the OPC mixtures. 
In the AA mixtures, the total porosity increased with an increase in w/b from 0.210 to 
0.233, even though the formation was essentially constant. This suggests the extra porosity 
created was dispersed around the matrix with no increase in interconnectivity between 
them. With further increase in w/b from 0.233 to 0.300, the total porosity and the formation 
factor was essentially constant – which suggests all the extra mix water added is 
participating is hydration. But further research is required to validate this hypothesis. The 




mixtures at 0.40 w/b, and the interconnectivity in w/b between 0.233 and 0.300 in the AA 
mixtures is lower compared to the OPC mixtures at 0.40 w/b. 
The total porosity increased in MPC mixtures with an increase in w/b, and it is significantly 
higher compared to that of OPC and other ACM mixtures. Whereas the formation factor 
remained constant with an increase in w/b, and they were significantly lower compared to 
OPC mixtures. This resulted in significantly higher interconnectivity in MPC mixtures, 
even at w/b of 0.25, compared to OPC mixtures, even at w/b of 0.485. 
Overall, CSA1 and AA mixtures had either lower or similar interconnectivity of pore 
structure compared to the OPC mixtures. CSA2P mixtures also had significantly lower 
interconnectivity, but only at w/b of 0.40. CSA2 mixtures had higher interconnectivity 
compared to OPC mixtures, but not significantly higher. Whereas CACT, CAC2, CSA3, 
and MPC mixtures have significantly higher interconnectivity compared to the OPC and 
the other ACM mixtures.  
Fig. 55 shows the relationship between the formation factor and the total porosity plotted 
in log-log scale for OPC and ACM mixtures at varied w/b. A linear relationship exists 
between formation factor in log-log scale for all the OPC and ACM mixtures except CAC2 
mixtures. As discussed earlier, the CACs mixtures undergo conversion, which changes the 
porosity and may also influence the interconnectivity and the shape of the pore structure. 
In both CSA3 and AA mixtures, a bilinear relation is observed in the w/b examined in this 
chapter. This suggests a change in the pore structure parameters in both these mixtures at 




Fig. 56 shows the relationship between the formation factor and the total porosity plotted 
in log-log scale for ACM mixtures at varied w/b compared to OPC mixtures at 0.40 and 
0.485 w/b. Only the mixtures that have lower porosity than OPC mixtures at w/b of 0.40 
have higher formation factor compared to the OPC mixtures at 0.40 w/b. Similarly, all the 
ACM mixture that has higher porosity compared to the OPC mixtures at 0.485 w/b have 
formation factors lower than OPC at w/b of 0.485. However, between the porosity ranges 
of OPC mixtures at 0.40 and 0.485 w/b, all the ACM mixtures except AA mixtures have 






Fig. 50 Initial and secondary water sorption of ACM mixtures at varied w/b compared to OPC mixture at w/b of 0.4 
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Fig. 54 Interconnectivity in ACM mortar mixtures compared to that of OPC at varied w/b. Note: the interconnectivity 
of CACT mixtures at 0.485 w/b is 0.536, and is not shown in the graph since it is significantly higher (at least 7.5 


























































































































































































Fig. 55 Formation factor (F) versus total porosity (𝛷) in ACM and OPC mortar mixtures at varied w/b.
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w/b: 0.35 to 0.485
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 = 0.9𝛷− .  
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Fig. 56 Formation factor (F) versus total porosity (𝛷) in ACM mortar mixtures 
compared to that of OPC at varied w/b. 
9.3 Conclusions and Recommendations 
A new test method was proposed and used to measure the formation factor in OPC and 
ACM mixtures. Water sorptivity, total porosity, and formation factor measurements 
performed in this study at a range of w/b were used to evaluate the performance of 
commercially available ACMs and their sensitivity towards w/b in resisting ingress of 
foreign substances. Analyzed together, this series of tests has led to the following 
conclusions: 
• The influence of w/b on sorptivity (as influenced by porosity and pore structure) varied 
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of all. At w/b less than or equal to 0.485, the CACT mixtures exhibited higher 
differences in initial sorption rates with changes in w/b compared to OPC and other 
ACM mixtures investigated in this chapter. 
• All the ACM mixtures (except CSA2P, AA, and MPC) had higher total sorption 
compared to OPC at the same w/b of 0.40, 0.45, and 0.485. The CSA1 mixture at 0.45 
w/b had slightly lower total sorption compared to OPC at the same w/b. CSA2P mixtures 
exhibited higher sensitivity to w/b with the secondary sorption rates as well as the total 
water sorption. 
• The total sorption is significantly higher in CAC, CACT, and CSA mixtures. The AA 
mixtures had significantly lower sorption compared to OPC and other ACMs but were 
also produced at lower w/b (per manufacturer recommendations and due to their 
different reaction chemistry).  
• To design mixtures with similar or lower sorption compared to OPC at 0.40, the w/b in 
all the ACM mixtures (except CSA2P) should be less than 0.40. The CSA2P mixture at 
0.4 w/b has significantly lower sorption compared to that of OPC. In the AA mixture, 
the w/b should be further lower than 0.233 and 0.30. Whereas in MPC it should be lower 
than 0.30. 
• Overall, CSA1 and AA mixtures had either lower or similar interconnectivity of pore 
structure compared to the OPC mixtures. CSA2P mixtures also had significantly lower 
interconnectivity, but only at w/b of 0.40. CSA2 mixtures had higher interconnectivity 
compared to OPC mixtures, but not significantly higher. Whereas CACT, CAC2, CSA3, 
and MPC mixtures have significantly higher interconnectivity compared to the OPC and 




• A linear relationship exists between formation factor and porosity in a log-log scale for 
all the OPC and ACM mixtures except CAC2 mixtures. In both CSA3 and AA mixtures, 
a bilinear relation is observed in the w/b examined in this chapter. This suggests a 
change in the pore structure parameters in both these mixtures at lower w/b (w/b < 0.40 
in CSA3 and w/b < 0.233 in AA mixtures). 
• More research is needed to validate the proposed test method for measuring formation 
factor, such as a comparative study of relating formation factor measured with this new 
test method with apparent chloride diffusion coefficient measurements on a wide range 




10 RESISTANCE TO CHEMICAL SULFATE ATTACK 
Chemical sulfate attack is a vital durability parameter as it often results in significant 
cracking, decomposition, and spalling of concrete structures that get exposed to sulfates 
from seawater, brackish water, groundwater, industrial and agricultural effluents, and 
coastal soils. When exposed to an aggressive sulfate environment, the resistance of a 
system depends primarily on its binder composition and the permeability of the system. 
Many of the ACM mixtures investigated in this thesis have different cement chemistry, 
which leads to different hydration products and microstructure, and in turn, can affect the 
way these materials react to external sulfate sources compared to traditional portland 
systems. Understanding the long-term durability performance of the ACM systems towards 
sulfate exposure is essential in designing ‘green’ alternatives to traditional portland 
cements for intended service lives. This chapter verifies and provides new insights into the 
sulfate attack mechanisms in commercially available CSA, CAC, AA, and MPC cements 
and evaluates its implications on phase composition, mechanical properties, and binder 
integrity in these systems against one traditional OPC system. 
10.1 Background 
10.1.1 Chemical sulfate attack in portland cements (OPC) 
In traditional portland cements, once sulfate ions ingress into the concrete, the form of the 
sulfate attack, and therefore the effects of the attack, depends upon the amounts of 




cement paste. Primarily, three forms of sulfate attack are known to exist for portland 
systems [93–97]: 
• Formation of expansive ettringite due to the reaction with monosulfate hydrate, 
calcium aluminate hydrate, and/or unhydrated C3A. 
• Formation of gypsum due to the reaction of external sulfates with CH. This results 
in expansion and also decrease in pore solution alkalinity and destabilization of C-
S-H structure. 
• Conversion of CH and C-S-H into magnesium hydroxide and magnesium silicate 
hydrate when the attacking solution contains magnesium ions, for example 
magnesium sulfate. 
Portland cements containing higher amounts of C4AF and lower amounts of C3A are known 
to perform better to sulfate attack [96], especially when the formation of expansive 
ettringite was the driving mechanism for degradation.  
10.1.2 Chemical sulfate attack in calcium sulfo-aluminate cement (CSA) 
CSA cements have either low or no C3S phase present in them, and if any CSH is formed, 
it is from the hydration of C2S reaction. So, the amount of portlandite formed is low 
compared to traditional portland cement systems. Also, the portlandite can be consumed 
back in the reaction forming just the ettringite. Since the amount of portlandite present in 
the CSA system is significantly lower than the traditional portland systems, the sulfate 
attack mechanisms in CSA systems can be different. Conflicting results are found in the 
literature with respect to the resistance of CSA systems towards external sulfate exposure. 




other researchers suggests they are not resistant to sulfate exposure [6,101]. The ettringite 
phase in the CSA systems can decompose to gypsum when the exposure environment pH 
drops below 10.7 to 11.5 [102–104] and can lead to a significant reduction in the strength 
of the matrix. However, CSA systems are known to be less permeable, which may improve 
their resistance towards sulfate attack. Furthermore, in CSA systems containing a lower 
amount of sulfates, the external sulfate exposure can contribute to further hydration – 
which can result in either reduction in permeability due to increased hydration or 
significant cracking due to the excessive formation of expansive ettringite [101]. With 
ettringite being the main hydration product and strength-giving component (rather than 
CSH), the long-term stability of these CSA systems towards sulfate exposure is a 
concern[105,106].  
10.1.3 Chemical sulfate attack in calcium aluminate cements (CAC) 
Calcium aluminate cements are generally known to be resistant to chemical sulfate attack 
when produced at lower w/c (insert citation) since they do not have CH or monosulfate 
hydrate or C3A phases in a significant amount to cause expansion. However, when CACs 
are produced at higher w/c, it increases the permeability of the system and accelerates 
conversion, which makes them susceptible to sulfate attack. CAC systems produced at low 
w/c ratio have good sulfate resisting properties [107–110] due to low permeability of 
unconverted concrete and due to the inert behavior of the CAH10 phase towards reaction 
with sulfate. However, sulfate attack will occur in CAC systems that are made at higher 
w/c and that are converted because the C3AH6 phase readily reacts with sulfates to form 
ettringite. The converted CAC systems will also have increased permeability and free 




The inert behavior of the CAH10 phase towards sulfate attack is due to higher amounts of 
AH3 phase that can get released upon reaction with sulfate and prevent a further reaction, 
as shown in Equation 8 (i). Whereas the C3AH6 phase upon reaction with sulfate produces 
a significantly lower amount of AH3 (Equation 8 [ii]) compared to the CAH10 phase, 
making it more reactive with sulfates compared to the CAH10 phase. 
Equation 8 
6CAH   + 3S𝑂 
 − → Ettringite + 5AH3+ 14H   (i) 
2C AH + 3S𝑂 
 − + 27H → Ettringite + AH3   (ii) 
 
10.1.4 Chemical sulfate attack in activated aluminosilicate binder (AA) 
Significant research has been performed to understand the performance of alkali-activated 
systems against sulfate attack [112–119]. Their research showed that alkali-activated 
materials exhibited superior resistance to sodium sulfate solution with little to no 
conversion to sulfate bearing phases (ettringite or monosulfate) are observed. However, 
most of the alkali-activated systems, especially the ones made with Ca-rich precursor, 
showed significant degradation when exposed to magnesium sulfates. The presence of 
magnesium led to significant decalcification of Ca-rich C-N-A-S-H gels to Mg-silicate 
gels, causing precipitation of gypsum and degradation of the binder system. No research 
has been performed to understand the non-alkaline based activated aluminosilicate 
systems, especially the ones with Ca-rich precursors. These systems have low pH and can 




sodium sulfate solution and can lead to precipitation of gypsum, and thereby further 
decomposition of the binder.  
10.1.5 Chemical sulfate attack in magnesium phosphate cements (MPC) 
Very little research has been done to understand the sulfate resistance of MPC systems. Jun 
et al. tested the sulfate resistance OPC systems coated with MPC and found out that MPC 
overlays showed excellent protection in resisting sulfate attack [120,121]. The ammonia-
based struvite phase in the MPC overlay reacted with the sulfate ions and formed stable 
new complex (NaMg3(OH)2(CO3)2SO4·6H2O) that has low density, thereby filling the gaps 
in the porous MPC structure and offering good resistance to permeating sulfate ions. 
However, more research is required to further validate this mechanism in MPC systems, 
especially in systems containing K-struvite rather than the ammonia-based struvite tested 
in the literature.  
10.1.6 Current testing methods for sulfate exposure 
The current two ASTM test methods for accelerating testing of sulfate resistance of 
hydraulic cements (ASTM C 1012 and ASTM C 452) were often criticized by many 
researchers [122–130] for not adequately predicting the field performance. Due to 
continuous immersions of test specimens in a relatively low volume of sodium sulfate 
solution (the ratio of the volume of exposure solution to the volume of test specimens is 
about 10), the pH of the attacking solution can rapidly change from neutral (around 7) to 
basic (around 12) and the concentration of sulfates can decrease. This is due to the leaching 
of alkalis from test specimens into the sulfate exposure solution. The reaction mechanisms 




changes [104,131]. At low sulfate concentration (<1000 ppm), ettringite is the primary 
phase that crystallizes. Whereas at high sulfate concentrations (>8000 ppm), gypsum is the 
main product that crystallizes. So, the softening-spalling damage induced due to the 
gypsum formation and decalcification of the C-S-H phase is not induced in either of these 
two ASTM test methods. These two test methods were primarily designed to assess the 
ability of binder systems to resist expansion due to ettringite formation, even though the 
sulfate attack damage in the field  was usually found out  to be manifesting in the form of 
loss of strength and adhesion [6,132].  
Kurtis et al. proposed an accelerated test method [6] to assess the resistance of both portland 
and non-portland binder systems towards external sulfate attack. This test method 
addresses the criticism surrounding the existing two ASTM test methods by maintaining 
constant pH and constant sulfate concentration in the exposure solution, and by using the 
change is compressive strength as a damage indicator. In this test method, cement paste 
cubes of 0.5 inch at w/b ratio of 0.5 were made and cured at 50 °C prior to testing them for 
9 weeks of sulfate exposure. However, there are still three issues that need to be addressed 
with this test method before adopting it for testing broader ACM systems: 1) some of the 
binders tested in this chapter are found to bleed significantly at w/b of 0.5, 2) the impact of 
heated curing is not fully understood in these ACM mixtures, and 3) compression testing 
alone may not detect the surface damage that can be caused due to decalcification of C-S-
H gel. So a new accelerated constant pH sulfate exposure test based on the accelerated test 
method proposed by Kurtis et al. was developed by addressing these three issues and is 




10.2 Methods – constant pH sulfate exposure test 
Cement paste samples were used to test for changes in microstructure and compressive 
strength with exposure to sodium sulfate solution. Cement paste cubes of 0.5 inch 
(12.7 mm) were cast according to the mixture proportions given in Table 16 and cured at 
23 °C and 100% RH for at least 56 days (rather than heat curing at 50 °C). The paste 
mixtures were mixed in a high shear mixer according to ASTM C1738-14 at w/c of 0.45 
(0.25 for AA and 0.30 for MPC). The set modifier/ activator dosages were chosen so that 
the corresponding concrete mixes had a workable window of at least 60 min. After curing, 
cement paste cubes were immersed in a circulating bath of 4% (by weight) sodium sulfate 
solution (test setup is shown in Fig. 57). A pH controller, which doses 1N H2SO4, was used 
to maintain the solution pH constant at 7 - to minimize the effects of CH leaching into the 
exposure solution and maintain constant sulfate ion concentration in the solution over 
exposure time. Compressive strength was measured on 7 replicates before the exposure 
and after 2, 5, 10, and 20 weeks of exposure. Change in compressive strength with respect 
to the initial strength, along with the visual observation of the type of damage and 
microstructural characterization were used as an indicator to assess the resistance of the 
ACM mixtures to chemical sulfate attack. The visual damage rating is done according to 
Table 17. Microstructure characterization (section 10.2.1) was also done to understand the 




Table 16 Cement paste mixture proportions. 
Cement w/b Set modifier/ activators (by weight of cement) 
OPC 0.45 − 
CAC1 0.45 − 
CAC2 0.45 − 
CACT 0.45 Citric acid – 1.5% 
CSA1 0.45 Citric acid – 2.0% 
CSA2 0.45 Citric acid – 0.5% 
CSA2P 0.45 Citric acid – 0.5% 
AA 0.25 Activator 1 - 2.47%, Activator 2 - 2.21% 























Table 17 Visual damage rating for degradation due to chemical sulfate attack 
Damage type (from visual observation) 
Visual 
Rating 
Surface spalling Corner damage Internal cracking 
None to low None to low None to low 0 
Medium None to low None to low 1 
Heavy None to low None to low 2 
Heavy Significant None to low 3 
None to Heavy Significant Significant 4 
10.2.1 Microstructure Analysis 
Microstructure analysis was carried out on both powdered and epoxy mounted cement 
paste samples. Prior to testing microstructure by TGA and XRD, the paste samples, both 
exposed and unexposed, were ground and sieved to a particle size less than 300 microns, 
and the free water was removed using solvent exchange procedure [42]. 5 g of powdered 
sample was mixed in 50 ml of isopropyl alcohol, and the suspension rests for 15 min. Then, 
the suspension is filtered using Büchner funnel and a vacuum pump for 5 min, and later, it 
is washed with 10 ml of diethylene ether for 1 min, during which the vacuum pump is 
turned off. The resulting suspension is again filtered under vacuum for five more minutes, 
or until the suspension is dry, whichever is longer. The dried sample is sealed in a small 
sealed plastic bag and stored in an airtight container. 
10.2.1.1 Thermogravimetric Analysis (TGA) 
A Hitachi simultaneous thermogravimetric analyzer STA7300 was used to carry out the 
thermogravimetric measurements. After the solvent exchange, the sample is further ground 
to a particle size of less than 74 microns. Approximately 20 mg of the ground sample is 




stream of Nitrogen (N2) gas for 15 min, or until the constant mass, whichever is longer. 
Later the temperature is increased to 40 ºC and held constant for 5 min. Then, the sample 
was heated from 40 to 1000 ºC, at a rate of 10 ºC/min, and the data is recorded at a rate of 
120 data points per minute. During measurement, N2 was used as a protective gas with a 
flow rate of 100 Cc/min. 
10.2.1.2 X-ray Diffraction (XRD) 
A PANalytical Empyrean diffractometer with a Bragg−Brentano HD X-ray mirror and a 
goniometer radius of 240 mm was used for data collection. The sample was incident with 
CuK X-rays generated using Empyrean Cu LFF HR X-ray tube at 45 kV and 40 mA 
operating conditions. Soller slits of 0.04 rad and the fixed Mask, anti-scatter, and 
divergence slits of 4 mm, 1 º, and ¼ º were used in the incident beam path. In the diffracted 
beam path, a fixed anti-scatter slit of 7.5 mm and soller slits of 0.04 rad were used. A 
PIXcel3D-Medipix3 1x1 area detector with an active length of 3.347 º was used for data 
acquisition. Data was collected over an angular range of 5 º to 70 º with a step size and 
counting time of 0.013 º and 16.32 s, respectively, resulting in a total measurement time of 
less than 7 min.  
The powdered and ground samples with particle dimension less than 74 microns were 
backloaded into the sample holder with an opening diameter of 17 mm. Phase identification 
was carried out using PANalytical X’ Pert High Score plus v4.5 using PDF-4+ 2018 
material identification database by International Center for Diffraction Data.  





A Zeiss Ultra 60 FE-SEM coupled with Oxford Instruments X-Max N50 EDS detector was 
used for SEM-EDS imaging. Prior to imaging, the cement paste cubes were embedded in 
high viscous epoxy resin and split into two halves using a diamond saw with isopropanol 
as coolant. Later, one half of the epoxy mounted sample is further embedded in low viscous 
epoxy resin under vacuum, cured, and polished gradually down to 0.25 μm fineness with 
isopropanol as coolant. The polished samples were coated with a thin layer of conductive 
carbon on the polished surface and imaged under SEM at 1 × 10⁻³ Pa vacuum. The 
microscope was operated at 20 kV accelerating voltage with 120 μm aperture size. The 
field of view was 520 μm × 390 μm, and the pixel size was 0.254 × 0.254 μm — leading 
to an image resolution of 2048 × 1536. The EDS scanning was performed with 100 μs 
dwell time and dead time less than 10%. A total of 10 frames were collected at each spot, 
with a total acquisition time of about 1 hour. The X-rays hitting the EDS detector were pre-
calibrated using external elemental standards with purity greater than 99.5% for 
quantitative estimation of composition. The scanned secondary electron image was 
overlaid with false-color compositional maps obtained by EDS scanning to facilitate 
identification and distinction of different phases present in these material systems.  
10.3 Results and Discussion 
10.3.1 Constant pH sulfate exposure test 
Fig. 58 shows the change in compressive strength of OPC and ACM mixtures with 
exposure to sulfate solution, and Table 18 shows the visual damage rating after 5, 10, and 
20 weeks of exposure. The microstructure characterization of the OPC and ACM cement 




with 5 weeks of exposure but exhibited some strengthening thereafter. The loss in strength 
after 20 weeks of exposure is about 22%. However, upon visual observation at 20 weeks 
of exposure (Fig. 59), there is significant softening and heavy spalling on all the 6 surfaces 
of the paste cube.  Fig. 64 shows the TGA and XRD of OPC cement paste at different 
sulfate exposure age. With exposure, there is an increase in the amount of ettringite due to 
continued hydration with water and sulfates from exposure solution at the early exposure 
period (5 weeks of exposure). However, at later exposure periods, the amount of ettringite 
reduced – probably due to the decomposition of ettringite to gypsum [102–104].  The 
amount of portlandite reduced with exposure age due to leaching and due to reaction with 
sulfates from exposure solution, which led to the formation of a significant amount of 
gypsum as evident by the reduction in portlandite and increase in gypsum peaks in both 
TGA and XRD plots. Fig. 65 shows the SEM-EDS micrographs of OPC cement paste at 
20 weeks of exposure. Heavy cracking due to decalcified C-S-H and significant 
crystallization of gypsum can be observed within the 500 μm layer at the edge, as shown 
in Fig. 65 (i). The crystallization of gypsum instead of ettringite in the outer layer is due to 
the lower pH of the exposure solution, which is maintained at 7. Decalcification of C-S-H 
and the crystallization of gypsum in the outer layer resulted in significant surface softening 
and heavy spalling as observed in Fig. 59.  
CAC1 mixtures exhibited a significant loss in strength even at 2 weeks of exposure, with 
about 40% loss in strength at 2 weeks and until 10 weeks of exposure, and about 60% loss 
in strength after 20 weeks of exposure. Visual observation of the paste cubes at 20 weeks 
of exposure (Fig. 60) showed significant spalling, corner damage, and heaving cracking 




SEM-EDS micrographs are shown in Fig. 67. The higher amount of C12A7 phase in the 
CAC1 cement resulted in a significant amount of C2AH8 phase compared to CAH10 and 
C3AH6 phases with hydration. With exposure, there is a significant reduction in C2AH8 
phase and increase in AH3 and ettringite phases. This is as expected since the exposure 
solution facilitates conversion to C3AH6 phase due to high availability of moisture, and 
C3AH6 phases readily react with sulfates in the exposure solution to form ettringite 
[108,111], as shown in Equation 8 (ii). However, a reduction in the amount of ettringite 
between 5 and 10 weeks of exposure can also be observed —this is because the cracking 
caused by the initially formed ettringite resulted in more of exposure solution to penetrate 
into the sample, lowering the pH of the system, which led to the decomposition of the 
ettringite. 
Unlike the CAC1 system, the converted CAC1 system degraded entirely with 100% loss 
in strength even at 5 weeks of exposure. The converted CAC1 system had more porosity 
and a significantly higher amount of C3AH6 compared to the regular CAC1 system, as 
shown in Fig. 68. These two factors resulted in significant formation of ettringite with 
exposure — which led to cracking and later complete degradation of the system, as shown 
in Fig. 61. 
CAC2 mixtures exhibited a slight increase in strength even after 20 weeks of exposure — 
showing significant better performance compared to the CAC1 mixtures. This is because 
the CAC2 cement has a significantly lower amount of C12A7 phase compared to CAC1, 
which led to upon hydration a higher amount of CAH10 phase compared to the C2AH8 
phase as shown in TGA and XRD plots of CAC2 mixture in Fig. 69. So, the process of 




resistance of the binder in forming ettringite with the sulfates from the exposure solution. 
Also, since the amount of water bound in CAH10 is higher compared to C2AH8 phase, the 
total porosity in the CAC2 system will be lower compared to CAC1 system, resulting in 
lower penetration of exposure solution. This can be observed in the SEM-EDS micrographs 
of CAC2 system in Fig. 70. The amount of sulfates present in the center of the cement paste 
cube is significantly low compared to the CAC1 system. Visual observation of the CAC2 
paste cubes after 20 weeks of exposure (Fig. 60) showed no signs of cracking but some 
surface spalling — likely due to the formation of ettringite and later its decomposition near 
the surface of the cube. Because of the observed surface spalling, a damage rating of 1 was 
assigned to the CAC2 mixtures at the end of the 20-week exposure period.  
But just like the converted CAC1 system, the converted CAC2 system degraded entirely 
with 100% loss in strength at 10 weeks of exposure. The converted CAC2 system also had 
more porosity and a significantly higher amount of C3AH6 compared to the normal CAC2 
system, as shown in Fig. 71. Visual observation of the converted paste cubes at 10 weeks 
of exposure (Fig. 61) showed less surface softening but heaving cracking due to expansion 
because of significant formation of ettringite with exposure – so a damage rating of 4 was 
assigned to the converted CAC2 mixtures. 
CACT mixtures lost more than 20% of the strength, similar to the OPC mixtures, after 20 
weeks of exposure. However, surface softening or spalling is significantly low (Fig. 63) 
compared to that of OPC. The strength reduction at lower exposure ages (5 and 10 weeks) 
is also minimal compared to OPC. XRD and TGA (Fig. 72) of CACT paste mixtures also 
show an only slight reduction in ettringite, portlandite, and hemicarboaluminate peaks. 




outer layer (for about 800 μm). This, along with the decomposition of ettringite (Equation 
9 [i]), diffusion  of Na ions from exposure solution (Equation 9 [ii]), and the continued 
hydration of unhydrated C3S and C2S present in the top layer (Equation 9 [iii]) resulted in 
formation of dense (C,N)-A-S-H (Equation 9  [iv]). The formation of (C,N)-A-S-H type 
phase is also confirmed by the TGA (Fig. 72 [iv]) of CACT mixtures performed on the 
outer 500 μm layer after 20 weeks of exposure. Also, the matrix next to this top layer 
(shown in the left half of Fig. 73 [iii]) is similar to the unaltered matrix in the center of the 
cement paste cube (Fig. 73 [i]) — which implies the dense outer layer formed in the CACT 
paste mixture is preventing further penetration of exposure solution, contributing to the 
superior resistance of CACT mixtures. Since the visual surface damage was significantly 
low in these mixtures, a damage rating of 0 was assigned to them throughout the exposure 
period.  
Equation 9 
Ettringite → 3CH + 3CSH𝓍 + AH3 + (26 − 3𝓍)H   (i) 
C₂S + 𝓍H → C-S-H + yCH   (ii) 
Na₂SO   → 2Na
+ + SO 
 −   (iii) 
C-S-H +  AH3 + Na
+ → (C,N)-A-S-H + CH  (iv) 
CH + SO 
 −  →  CaSO  + H   (v) 
CSA1 paste mixtures lost about 30% of their strength after just 2 weeks of exposure but 
showed some strengthening thereafter. The loss in strength after 20 weeks of exposure is 
less than 20%. However, the XRD and TGA of CSA1 paste mixtures (Fig. 74) show a 
significant reduction in ettringite content with exposure — with higher reduction at 20 




matrix in the outer 500 μm of CSA1 paste mixture after 20 weeks of exposure. This porous 
layer is primarily composed of (C,N)-A-S-H and AH3, formed due to the decomposition of 
ettringite and heavy leaching of calcium and sulfates into the exposure solution (Equation 
9). This could be the reason for surface softening and surface cracking observed in the 
CSA1 mixtures, as shown in Fig. 63. However, the inside layer at about 500 μm from the 
edge appears to be dense similar to the outer layer observed in CACT mixtures. This, just 
like the mechanism observed in CACT mixtures, prevented further penetration of exposure 
solution into the CSA1 matrix — as evident by the micrograph shown in Fig. 75 [iii], which 
is similar to the micrograph taken at the center of the cube (Fig. 75 [i]). Because of the 
surface spalling observed in CSA1 mixtures, a damage rating of 1 was assigned to them.  
CSA2 paste mixtures lost about 10% of their strength after 2 weeks of exposure and about 
20% loss in strength for the rest of the exposure period until 20 weeks. Similar to the CACT 
mixture, the SEM-EDS micrographs of CSA2 paste mixture (Fig. 77) show dense (C,N)-
A-S-H layer of about 800 μm thick at the edge — due to the decomposition of ettringite, 
further hydration of C2S, and leaching of calcium and Sulphur.  This prevented further 
decomposition of ettringite and leaching in the inner layer of the system and prevented 
further penetration of the exposure solution. Also, the TGA and XRD of CSA2 paste 
mixtures shown in Fig. 76 at different exposure periods show only a slight reduction in the 
amount of ettringite with exposure. This is due to the continued hydration of unhydrated 
phases present in the mixture before the formation of the dense outer layer which results in 
increase in ettringite, and the decomposition of outer layer caused reduction in ettringite 




system. Also, a damage rating of 0 was assigned to the CSA2 paste mixtures since no signs 
of damage were observed visually in these mixtures throughout the exposure period. 
CSA2P mixture, unlike CSA2 mixture, showed a higher reduction in strength – more than 
50% loss in strength after 20 weeks of exposure, with significant surface spalling and 
cracking (Fig. 62). The TGA and the XRD of CSA2P mixtures with exposure (Fig. 78) 
show a significant reduction in the ettringite phase and a significant increase in gypsum. 
The SEM-EDS micrographs (Fig. 79) shows dense (C,N)-A-S-H outer layer similar to 
CACT and CSA2 mixtures. However, a layer of gypsum is also formed just inside the outer 
(C,N)-A-S-H layer, as shown in Fig. 78 (iii). The presence of gypsum is also confirmed by 
the TGA (Fig. 78 [iv]) of CSA2P mixtures performed on the outer spalled surface after 20 
weeks of exposure. The expansive stresses generated by this crystallized gypsum layer 
caused a significant amount of perpendicular cracks in the inside relatively undecomposed 
stronger matrix adjacent to the gypsum layer. This resulted in a significant thick layer of 
surface spalling and internal damage as observed visually in Fig. 62, and was assigned a 
damage rating of 4 at the end of the 20 weeks of exposure.  
CSA3 mixture showed significant strength reduction during the first 2 weeks of weeks, 
losing about 22% of its strength — but exhibited continuous significant strength gain 
thereafter. The strength loss is less than 5% after 20 weeks of weeks. The XRD and TGA 
of CSA3 mixtures with exposure given in Fig. 80 shows some reduction in ettringite peak 
with exposure. The SEM-EDX micrographs given in Fig. 81 show dense (C,N)-A-S-H in 
the outer 500 μm layer (Fig. 81  [ii]) similar to CACT and CSA2 mixtures. However, the 
(C,N)-A-S-H gel formed is more calcium-rich (Fig. 81  [b]) compared to one formed in 




between 300 to 500 μm form the edge. After about 600 μm from the edge, the inside matrix 
(Fig. 81  [iii]) appears to be similar in composition to the one at the center of the cube. 
Also, no signs of damage were observed visually (Fig. 63), and the CSA3 mixtures were 
assigned a damage rating of 0 throughout the exposure period.  
Overall, all the ettringite based systems (except CSA2P) showed superior resistance to 
external sulfate attack. The defense mechanism in resisting sulfate attack is similar in all 
these systems, i.e., formation of (C,N)-A-S-H type gel on the exposure surface. Fig. 82 (i) 
shows the ternary plot of atomic moles percentage of (Ca+Mg+Na2), Si, (Al+Fe) in the 
(C,N)-A-S-H structure present in the outer layer of CACT, CSA1, CSA2, CSA2P, and 
CSA3 mixtures after 20 weeks of exposure. All the ACM mixtures have similar 
composition of (C,N)-A-S-H gel. However, in CSA1 mixtures, (C,N)-A-S-H gel with a 
significant lower amount of Al and Fe is possible due to separate precipitation of the AH3 
phase (Fig. 74 [iv]). This could have been the reason for more porous outer structure in 
CSA1 mixtures compared to other ettringite based systems. Fig. 82 (ii) shows the 
percentage of Na2 w.r.t. combination of (Ca+Mg+Na2) in moles in (C,N)-A-S-H gel 
assuming all the sulfates are bound as Na2SO4. Whereas, Fig. 82 (iii) shows the percentage 
of Na2 w.r.t. combination of (Ca+Mg+Na2) in moles assuming all the sulfates are bound as 
CaSO4.In either case, the relative composition of Na shows its presence in (C,N)-A-S-H 
gel.  
More research needs to performed to understand why a significant amount of gypsum is 
formed between this outer (C,N)-A-S-H layer and the inside matrix only in the polymer-
modified CSA system. Specifically, the effects of polymer addition on the permeability of 




impermeable, then the pressure generated by the gypsum that is forming between this outer 
layer and the inner layer may not be sufficient to leach out the gypsum. This can cause 
accumulation of calcium sulfate over time and thereby precipitation of gypsum between 
this outer layer and inner matrix, which is the convergence point for the calcium leaching 
out from inside matrix and sulfates coming in from the exposure solution through the outer 
layer.  
AA mixtures also lost about 22% strength within the first 2 weeks of exposure, but just like 
CSA3 mixtures, it exhibited continuous strengthening with increased exposure age. After 
about 20 weeks of exposure, the loss in strength in the AA mixture is insignificant. The 
strength gain is likely due to the continuous hydration from the exposure solution. The 
TGA and XRD of AA mixtures shown in Fig. 83 also show some reduction in ettringite 
peaks, but overall no significant changes are observed. The SEM-EDS micrographs for AA 
paste mixtures after 20 weeks of exposure are given in Fig. 84. Even though significant 
decalcification is observed in the outer 500 μm layer, and outer matrix looks intact and 
dense. This prevented further leaching of calcium even in the immediate matrix inside the 
outer 500 μm layer, as shown in Fig. 84 (iii). In addition to Ca, Na has also leached out (by 
comparing the Si/Na ratio in both Fig. 84 (a) and (b) due to the lower concentration of Na 
in exposure solution compared to AA system [113]. Visual observation of the AA paste 
cube showed no signs of damage even after 20 weeks of exposure as shown in Fig. 63, so 
was assigned a damage rating of 0. Overall, AA systems made with class C fly ash and 
activators based on lactate and citrates showed superior resistance to  sodium sulfate attack 




MPC paste mixtures lost about 15% strength within the first 2 weeks of exposure but 
exhibited significant strength gain thereafter. The paste mixtures gained about a 17% 
increase in strength after 20 weeks of exposure. However, the TGA and XRD of MPC 
mixtures (Fig. 85) show a significant reduction in the struvite phase with exposure. Also, 
the K-Struvite phase present in MPC mixtures before exposure converted to (Na,K)-
struvite with exposure – due to the alkali exchange from the exposure solution. The SEM-
EDS micrographs of MPC paste mixture after 20 weeks of exposure are shown in Fig. 86. 
The struvite phase in the outer layer (until about 500 to 1000 μm from edge) got converted 
to (C,M)4PHx. This is different from the (NaMg3(OH)2(CO3)2SO4·6H2O) phase that is 
formed in the MPC coating exposed to sulfates in the research performed by Jun et al. 
[120]. The inside matrix next to the outer layer (1000 μm from the outer edge, as shown in 
the left half of Fig. 86 [iii])  is relatively unaltered and looks similar to the matrix at the 
center of the cube (Fig. 86 [i]). Visual observation of the MPC paste cube showed no signs 
of damage even after 20 weeks of exposure as shown in Fig. 63, so was assigned a damage 




Table 18 Visual damage rating for degradation due to chemical sulfate attack 
Cement w/b 
Visual damage rating after exposure for 
5 weeks 10 weeks 20 weeks 
OPC 0.45 1 2 2 
CAC1 0.45 0 3 4 
CAC1 converted 0.45 4 4 4 
CAC2 0.45 0 0 1 
CAC2 converted 0.45 0 4 4 
CACT 0.45 0 0 0 
CSA1 0.45 0 1 1 
CSA2 0.45 0 0 0 
CSA2P 0.45 1 3 4 
CSA3 0.45 0 0 0 
AA 0.25 0 0 0 








Fig. 58 The average change in compressive strength of cement paste cubes made with ACMs and OPC, exposed to a 



















































Fig. 59 OPC paste cube showing significant surface spalling after 20 weeks of 
exposure to sodium sulfate solution. 
 
Fig. 60 CAC1 and CAC2 paste cubes after 20 weeks of exposure to sodium 
sulfate solution. Significant cracking and internal damage can be observed in 
CAC1, whereas only some surface damage can be observed in CAC2. 
 
Fig. 61 CAC1 and CAC2 converted paste cubes showing significant expansion, 
cracking, and internal damage after 5 and 10 weeks of exposure to sodium 









Fig. 62 CSA2P paste cubes showing significant surface spalling and internal 
damage after 20 weeks of exposure to sodium sulfate solution. 
  
Fig. 63 CSA1, CSA2, CSA3, CACT, AA, and MPC paste cubes after 20 weeks 
of exposure to sodium sulfate solution. CSA2, CSA3, CACT, AA, and MPC 
paste cubes show little to no surface damage, whereas some surface cracking 










Fig. 64 (i) TG and DTG, (ii) XRD of OPC cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of OPC cement paste cubes after exposure versus without 
exposure. (iv) TG and DTG of the spalled surface in OPC paste cubes after 20 










































Cc – CaCO3; C - Calcite
Mh – Mg(OH)2











































































































































































Fig. 65 SEM-EDS micrographs of OPC cement paste cube exposed to 4% (w/w) 
sodium sulfate solution for 20 weeks. Images were taken at approximately (i) 
6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the cube. (a), (b), (c), and 
(d) are normalized elemental distributions in micrograph given in (i), (ii), left 






Fig. 66 (i) TG and DTG, (ii) XRD of CAC1 cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of CAC1 cement paste cubes after exposure versus without 
exposure. 





























































































































































Fig. 67 SEM-EDS micrographs of CAC1 cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the 
cube. (a), (b), and (c) are normalized elemental distributions in micrograph 







Fig. 68 (i) TG and DTG, (ii) XRD of converted CAC1 cement paste cubes 
exposed to 4% (w/w) sodium sulfate solution for 0 and 5 weeks. (iii) Shows 
difference in XRD peaks of converted CAC1 cement paste cubes after 
exposure versus without exposure. 































































S – Stratlingite (C2ASH8)
Cc – CaCO3


























































Fig. 69 (i) TG and DTG, (ii) XRD of CAC2 cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of CAC2 cement paste cubes after exposure versus without 
exposure. 
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S – Stratlingite (C2ASH8)
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Fig. 70 SEM-EDS micrographs of CAC2 cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the 
cube. (a), (b), (c), and (d) are normalized elemental distributions in 





Fig. 71 (i) TG and DTG, (ii) XRD of converted CAC2 cement paste cubes 
exposed to 4% (w/w) sodium sulfate solution for 0 and 10 weeks. (iii) Shows 
difference in XRD peaks of converted CAC2 cement paste cubes after 
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Fig. 72 (i) TG and DTG, (ii) XRD of CACT cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of CACT cement paste cubes after exposure versus without 
exposure. (iv) TG and DTG of CACT paste cubes on the outer 500 μm layer 
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Fig. 73 SEM-EDS micrographs of CACT cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the 
cube. (a), (b), and (c) are normalized elemental distributions in micrograph 





Fig. 74 (i) TG and DTG, (ii) XRD of CSA1 cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of CSA1 cement paste cubes after exposure versus without 
exposure. (iv) TG and DTG of CSA1 paste cubes on the outer 500 μm layer 
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Fig. 75 SEM-EDS micrographs of CSA1 cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, (iii) 500 μm, and (iv) 1000 μm from the 
edge of the cube. (a), (b), (c), and (d) are normalized elemental distributions 





Fig. 76 (i) TG and DTG, (ii) XRD of CSA2 cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of CSA2 cement paste cubes after exposure versus without 
exposure. (iv) TG and DTG of CSA2 paste cubes on the outer 500 μm layer 
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Fig. 77 SEM-EDS micrographs of CSA2 cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the 
cube. (a), (b), and (c) are normalized elemental distributions in micrograph 





Fig. 78 (i) TG and DTG, (ii) XRD of CSA2P cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks.  (iii) Shows difference 
in XRD peaks of CSA2P cement paste cubes after exposure versus without 
exposure. (iv) TG and DTG of the outer spalled surface in CSA2P paste cubes 
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Fig. 79 SEM-EDS micrographs of CSA2P cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the 
cube. (a), (b), and (c) are normalized elemental distributions in micrograph 





Fig. 80 (i) TG and DTG, (ii) XRD of CSA3 cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of CSA3 cement paste cubes after exposure versus without 
exposure. (iv) TG and DTG of CSA3 paste cubes on the outer 500 μm layer 
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S – Stratlingite (C2ASH8)
Cc – CaCO3; C – Calcite





























Fig. 81 SEM-EDS micrographs of CSA3 cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the 
cube. (a), (b), and (c) are normalized elemental distributions in micrograph 





Fig. 82 (i) Ternary plot of atomic moles percentage of (Ca+Mg+Na2), Si, 
(Al+Fe) in the C-N-A-S-H structure present in the outer layer of CACT, CSA1, 
CSA2, CSA2P, and CSA3 mixtures after 20 weeks of exposure. (ii) Percentage 
of Na2 w.r.t. combination of (Ca+Mg+Na2) in moles assuming all the sulfates 
are bound as Na2SO4. (iii) Percentage of Na2 w.r.t. combination of 
(Ca+Mg+Na2) in moles assuming all the sulfates are bound as CaSO4. Note: 
For CSA1 mixtures, AH3 phase also precipitated in addition to C-N-A-S-H. 
Since it is difficult to separate out those two phases in SEM-EDs, a possible 
range of composition of C-N-A-S-H is provided (dotted region in [i]) for CSA1 
mixtures. *Assuming all the (Al+Fe) is present in C-N-A-S-H phase instead of 
in AH3 phase. #Assuming all the (Al+Fe) is present in AH3 phase instead of in 
C-N-A-S-H phase.  
 















































































Fig. 83 (i) TG and DTG, (ii) XRD of AA paste cubes exposed to 4% (w/w) 
sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference in 
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Fig. 84 SEM-EDS micrographs of AA cement paste cube exposed to 4% (w/w) 
sodium sulfate solution for 20 weeks. Images were taken at approximately (i) 
6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the cube. (a), (b), and (c) 






Fig. 85 (i) TG and DTG, (ii) XRD of MPC cement paste cubes exposed to 4% 
(w/w) sodium sulfate solution for 0, 5, 10, and 20 weeks. (iii) Shows difference 
in XRD peaks of MPC cement paste cubes after exposure versus without 
exposure. (iv) TG and DTG of MPC paste cubes on the outer 500 μm layer 













0 200 400 600 800 1000








































































































































































































































Cp – (C,M)₄PHₓ 































Fig. 86 SEM-EDS micrographs of MPC cement paste cube exposed to 4% 
(w/w) sodium sulfate solution for 20 weeks. Images were taken at 
approximately (i) 6300 μm, (ii) 0 μm, and (iii) 500 μm from the edge of the 
cube. (a), (b), (c), and (d) are normalized elemental distributions in 
micrograph given in (i), (ii), left half of (iii), and right half of (iii) respectively.  
10.4 Conclusions and Recommendations 
The accelerated sulfate exposure tests at constant pH, along with complementary 
characterization by TGA, XRD, and SEM-EDS performed in this study were intended to 




performance of commercially available ACM systems in resisting chemical sulfate 
exposure compared to OPC systems, and has led to the following conclusions. 
• Crystallization of gypsum is the primary damage mechanism observed in all the 
mixtures that showed significant spalling and cracking (except CAC1 and CAC2) 
when the mixtures are subjected to constant pH sulfate exposure.  
• Even though a significant amount of gypsum formed and crystallized in the outer 
exposed layer of OPC mixtures, it did not result in cracking of the whole matrix – 
since the outer layer was already weekend due to the decalcification of C-S-H, so 
expansive stresses generated by gypsum crystallization resulted in significant 
spalling of outer layer rather than cracking in the inner matrix.  
• A dense outer layer composed of C-N-A-S-H is formed in all the CSA and CACT 
mixtures with exposure to sodium sulfate. This layer reduced the permeability of 
sodium sulfate into the inner matrix. However, in the CSA2P mixture, a layer of 
gypsum is formed between this dense outer layer and the inner matrix. Since the 
outer layer is dense compared to the decalcified C-S-H layer in the OPC mixtures, 
the expansive stresses generated by the crystallization of gypsum in CSA2P 
mixtures resulted in significant cracking of the inner matrix. Further research is 
needed to understand the cause for the formation of this gypsum only in the 
polymer-modified CSA mixtures (i.e., CSA2P). 
• The CAC mixtures having a lower amount of C3AH6 phase performed significantly 
better compared to the mixtures containing the C3AH6 phase. So, conversion in 




formation of ettringite from the C3AH6 phase. CACs with a lower amount of C12A7 
phase and produced at lower w/b can drastically improve the sulfate resistance.  
• In AA mixtures, no significant degradation is observed even though some 
decalcification of the outer layer is observed. Whereas in MPC mixtures, exposure 
to sodium sulfate solution resulted in significant leaching of Mg from the outer 
layer and partial alkali replacement in the K-Struvite phase. However, no 
significant degradation in microstructure or compressive strength is observed.  
Overall, CSA3, AA, MPC, and CAC2 (before conversion) mixtures exhibited superior 
resistance to chemical sulfate attack, followed by CACT, CSA2, and CSA1 mixtures 
compared to that of OPC. CAC1 and CSA2P, followed by both the converted CAC1 and 
CAC2 systems, exhibited the least resistance to chemical sulfate attack. Even though OPC 
showed strengthening at later exposure ages, the exposure resulted in significant spalling 




11 RESISTANCE TO ALKALI EXPOSURE 
11.1 Introduction 
Two durability mechanisms associated with alkali exposure are examined in the chapter: 
(1) alkali degradation of binders and (2) resistance to damage by the alkali-silica reaction. 
First, some ACMs are known to exhibit poor alkali resistance [133–138], which can limit 
their suitability for use as a replacement to portland cement concrete, as an over the cement-
treated base, or as a whitetopping or adjacent to any portland cement concrete, where high 
pH runoff is likely to occur. Calcium aluminate hydrates are known to undergo alkali 
hydrolysis, which leads to the decomposition of aluminate hydrates to alkali aluminate and 
calcium hydroxide [134–136]. The mixtures made with calcium sulfoaluminate hydrates 
are also found to decompose to thernadite (Na2SO4) or mirabilite (Na2SO4·10H2O) when 
exposed to the high alkaline environment (pH ≥ 14) [138]. Magnesium phosphate mixtures 
containing struvite phase are also not resistant to high alkaline exposure due to the low 
stability of struvite phase [133]. However, the stability of K-struvite phase is not known 
and needs to be verified. Portland cement mixtures are also known to degrade at high alkali 
exposure levels and temperatures [139,140]. To rapidly assess alkali resistance, OPC and 
ACM mortars, cast with non-reactive aggregates, are tested in the accelerated mortar bar 
test (AMBT) by ASTM C1260.  
Alkali-silica reaction (ASR) in one of the primary durability issues in portland cement 
concrete mixtures (OPC). For the damaging reaction to occur due to ASR, the following 
four conditions are required: (1) sufficient quantity of reactive silica either within the fine 




sufficient concentration of alkali (primarily from cements or sometimes can be from 
external exposure), and (4) sufficient moisture (primarily from exterior exposure) 
[141,142]. A sufficient concentration of hydroxy ions is required to facilitate the 
dissolution of silica. Calcium ions also play an essential role in the expansion of alkali-
silica gel. Calcium promotes alkali recycling and promotes further reaction by regenerating 
alkalis. The formation of calcium-rich ASR gels is also necessary to cause expansion as 
they are known to be highly viscous and form semi-permeable membrane around the 
reactive aggregate particles [141,143–148]. CAC and CSA cement mixtures have low 
alkalinity and pH compared to OPC mixtures [5] and also lower calcium hydroxide content 
(section 4.2.1), which could lead to lower ASR damage in these CAC and CSA mixtures 
compared to OPC mixtures. To date, no ASR tests were performed on CAC mixtures to 
validate their effectiveness in resisting ASR. Extensive research has been performed to 
understand the ASR in alkali-activated materials [149–154], all of which showed the 
superior performance of these materials in resisting ASR compared to OPC mixtures. 
However, no research has been done to understand the ASR in activated aluminosilicates 
that are primarily activated by lactates and citrates (for example, the AA mixtures 
investigated in this thesis). MPC formulations were also not investigated extensively till 
now to understand the ASR in these mixtures, especially in MPC formulation containing 
significant amounts of potassium.  
To understand the performance of ACM mixtures resisting ASR-induced expansion and 
cracking when exposed to a high pH environment, the AMBT test was performed on these 
binders in combination with reactive aggregate. In addition to the AMBT tests, the 




resistance to ASR when exposed to high humidity rather than an external high pH 
environment. Because some of the ACM formulations (AA and MPC) examined in this 
chapter have a high amount of alkalis (Table 2), it will be essential to assess the potential 
for ASR-induced expansion and cracking. CPT is selected because it is the only current 
standardized test method where the assessment can be done without inducing significant 
leaching, which is problematic in other standard ASR tests.  
However, leaching can still be an issue, particularly in systems with less tortuous network 
[155–157]. So, a complementary cylinder mortar test (CMT) was also performed to 
minimize leaching. This complementary cylinder mortar test is adopted from the concrete 
cylinder test (CCT) [158–160]. CCT test was developed to overcome the leaching issues 
and long testing duration with the CPT test. However, in the trial CCT tests performed on 
ACMs, significant leaching was still observed on the water ponded surface (especially in 
CACT and MPC mixtures). To further minimize the leaching issues and to further 
accelerate the testing duration, a modified cylinder mortar test was designed and performed 
as complementary to the CPT test. More details about this modified cylinder test are 
provided in section 11.2.2.  
To allow for true comparison among the binders, the alkali content of the concretes will 
not be “boosted” in the CPT, and the cylinder mortar test evaluation [161]. Instead, portland 
cement concrete prisms cast with and without SCM (class C Fly ash at high replacement 
level), suitable for mitigation of expansion of the reactive aggregate, will serve as lower 





11.2.1 ASTM 1260 length expansion test 
Mortar bars of dimensions 11.25 × 1 × 1 inches were prepared with potentially reactive 
and nonreactive aggregates. The mixture proportions for the cement mortars are shown in 
Table 19. Crushed metapelite green schist aggregate (Vulcan Materials Company, Gold 
Hill, North Carolina) with gradation conforming to ASTM 1260 standard was used as a 
reactive aggregate , whereas Georgia DOT approved crushed granitic river sand (Lambert 
Sand and Gravel, Shorter, Alabama) with gradation also conforming to ASTM 1260 
standard was used as a potentially nonreactive aggregate. The composition of the 
metapelite green schist aggregate is shown in Table 20. Mortar samples were prepared and 
cured according to ASTM 1260 test method and exposed to 1N sodium hydroxide solution 
at 80 ºC for 120 days, with expansions measured at different intervals. 
Table 19 Cement mortar mixture proportions. 
Cement w/b 
Admixtures/ activators 







OPC 0.47 − 100 47 225 
CAC2 0.47 − 100 47 225 
CACT 0.47 citric acid – 1.5% 100 47 225 
CSA1 0.47 citric acid – 2.0% 100 47 225 
CSA2 0.47 citric acid – 0.5% 100 47 225 
CSA2P 0.47 citric acid – 0.5% 100 47 225 
CSA3 0.47 citric acid – 0.75% 100 47 225 
AA 0.30 activator 1 - 2.47%, activator 2 - 2.21% 100 30 225 





Table 20 Phase composition* of the metapelite green schist reactive aggregate. 








*Source: Robert Moser, U.S. Army Engineer Research and Development Center, Vicksburg, MS. 
 
11.2.2 Mortar cylinder test 
Cylinder mortar samples of height 60 mm and diameter 27 mm are prepared with reactive 
aggregate according to the mixture proportions given in Table 19. Crushed metapelite 
green schist aggregate (Vulcan Materials Company, Gold Hill, North Carolina) was used 
as a reactive fine aggregate. Using the reactive aggregate as fine aggregate instead of coarse 
aggregate (in CCT) can accelerate the ASR due to the increased surface are of aggregate. 
The gradation of the fine aggregate follows the ASTM 1260 standard. Three samples were 
cast for each of the mixture proportions in polypropylene centrifuge tubes with the inside 
sidewall covered with wick lining, as shown in Fig. 87. The wick extends from the bottom 
of the centrifuge tube to the top end of the water reservoir to transport the moisture to the 
sample. In order to minimize the water draw from mortar mixtures by the wick lining 
during curing, the wick lining was pre-saturated at 100% RH environment prior to casting 




the top surface of the cylinder is coated with epoxy of medium-to-high viscosity to prevent 
leaching, and also to force the water from the top reservoir to only enter the sample from 
the sides. The samples were further cured in the airtight condition until 7 days of hydration 
time. Later the samples were placed in an airtight container with deionized and deaerated 
water reservoir on the bottom of the container, as shown in Fig. 88. The top reservoir on 
each of the samples is also filled with deionized and deaerated water, and the samples were 
exposed to 100% RH environment at 60 ºC for 384 days. Initial length measurements were 
made with the length comparator after 12 hours of exposure to 100% RH and 60 ºC, with 
subsequent measurements made at 3, 7, 14, 28, 42, 56, 84, 165, and 384 days of exposure. 
 
Fig. 87 (i) and (iii) Photo of a cylinder mortar sample showing wick and gauge 
studs. (ii) Sketch of the cylinder mortar sample used for testing the resistance 
of binder towards ASR reaction.  
Epoxy coating















Fig. 88 Water ponded cylinder mortar samples placed in a container. 
11.2.3 Modified ASTM 1293 length expansion test 
Concrete prisms of dimensions 11.25 × 3 × 3 inches were cast with potentially reactive 
coarse aggregate and potentially nonreactive fine aggregate according to the mixture 
proportions given in Table 21. Crushed metapelite green schist aggregate (Vulcan 
Materials Company, Gold Hill, North Carolina) was used as a coarse aggregate, whereas 
Georgia DOT approved crushed granitic river sand (Lambert Sand and Gravel, Shorter, 
Alabama) with gradation conforming to ASTM C33 specification was used as a fine 
aggregate. The gradation of the coarse aggregate meets the requirements of ASTM 1293. 
The fine aggregate had an expansion less than 0.1% at 14 days when tested according to 
the ASTM C1260 test (section 11.3.1). All the concrete prisms were demolded after 1 day 




sealed cylindrical container with a water reservoir on the bottom and placed in 38 ºC 
storage environment for the remaining duration of the test. The height difference between 
the top surface of the water in the reservoir and the bottom surface of the samples is 
maintained at 15 mm. The inside sidewall of the container is covered with wick (shown in 
Fig. 89) that extends from the bottom to top of the container to uniformly distribute 
moisture inside the container. Initial length measurements were made with comparator 
after 1 day of exposure to 100% RH at 38 ºC, with subsequent measurements at 3, 6, 9, 12, 
18 and 24 months of exposure. 
Table 21 Concrete mixture proportions. 
Cement w/b 
Admixtures/ activators 









OPC 0.45 HRWR1 – 2.0 ml/kg 454 210 574 1120 
OPC + 
Flyash 
0.45 HRWR1 – 1.2 ml/kg 
227 (OPC) + 
227 (Class C Fly ash) 
210 541 1120 
CAC2 0.45 − 454 211 563 1120 
CACT 0.45 
citric acid – 1.5%,  
HRWR1 – 2.0 ml/kg 
454 210 544 1120 
CSA1 0.45 
citric acid – 2.0% 
HRWR1 – 2.0 ml/kg 
454 211 526 1120 
CSA2 0.45 citric acid – 0.5% 454 211 537 1120 
CSA2P 0.45 citric acid – 0.5% 454 211 537 1120 
CSA3 0.45 citric acid – 0.75% 454 211 561 1120 
AA 0.25 
activator 1 - 2.27%, 
activator 2 – 1.78% 
488 129 684 1120 






Fig. 89 ASTM 1293 concrete samples placed in an airtight container.  Note: the 
4th sample is removed from testing at the end of the 2-year exposure period. 
11.2.4 Pore solution pH measurement 
Pore solution pH measurements were made on cement paste samples made with same w/b 
and set modifier dosages used in Table 21 using ex-situ leaching cold water extraction 
method [82,83,162]. Cement paste cubes of dimension 12.7 mm were prepared according 
to mixture proportions shown in Table 22, and cured for 56 days at 23 ºC and 100% RH. 
After curing, the paste cubes were crushed and quickly ground to particle size less than 74 
μm. Approximately 10 g of the ground sample is taken and mixed with 10 ml of deionized 
and deaerated water, and stirred vigorously and continuously at 25 ºC under a constant 
stream of Nitrogen (N2) gas for 5 min. Immediately after stirring, the mixed suspension is 
filtered through a 0.45 μm nylon hydrophilic membrane filter. The pH was measured on 
the extracted solution using a pH electrode. 






Table 22 Cement paste mixture proportions. 
Cement w/b Set modifier/ activators (by weight of cement) 
OPC 0.45 − 
CAC1 0.45 − 
CAC2 0.45 − 
CACT 0.45 Citric acid – 1.5% 
CSA1 0.45 Citric acid – 2.0% 
CSA2 0.45 Citric acid – 0.5% 
CSA2P 0.45 Citric acid – 0.5% 
AA 0.25 Activator 1 - 2.27%, Activator 2 – 1.78% 
MPC 0.25 Boric acid – 14% 
 
11.3 Results and Discussion 
11.3.1 ASTM 1260 length expansion test (AMBT) 
The length expansions of ACM and OPC cement mortar bars made with potentially non-
reactive aggregate are shown in Fig. 90. All the ACM mixtures except MPC had similar or 
lower expansions compared to OPC after 120 days of exposure – with length expansions 
less than 0.15%. AA, CAC2, CSA1, and CSA3 showed the lowest expansions (or highest 
resistance to alkali) compared to that of CACT, CSA2, CSA2P, and OPC. CACT and 
CSA2 mixtures have a similar expansion, whereas CSA2P had lower expansion compared 
to CSA2. OPC started to expand at significantly higher rates after 28 days of exposure, 
with the expansion at 120 days exceeding 0.6%. MPC mortar bars showed the least 
resistance to alkali exposure compared to OPC and other ACM mixtures, with expansion 
higher than 0.3% even at 14 days of exposure, and the mortars showed significant 





Fig. 90 Length expansion of ACM and OPC mortar mixes made with 
potentially non-reactive sand and exposed to NaOH solution at 80±1 ºC. 
Mortar bars made with MPC disintegrated after 14 days of exposure.  Note: 
The expansion limits shown here are for 14-day expansion. 
 
 
Fig. 91 MPC mortars made with potentially non-reactive sand and exposed to 
NaOH solution at 80±1 º for 28 days. 
Fig. 92 shows the length expansions of ACM and OPC mortar mixtures made with reactive 
aggregate and exposed to 1M NaOH solution for 120 days. The petrographic examination 
on the cross-section of mortar bars stained with uranyl acetate and observed under short-
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OPC mortar bars expanded by about 0.3% after 14 days of exposure and continued to 
expand to about 0.75% after 120 days of exposure. Fig. 93 shows the images taken on the 
cross-section of OPC mortar samples stained with uranyl acetate. The images show the 
presence of alkali throughout the cross-section of the mortar bar and thick layer of ASR 
gel around the aggregates. The total expansion seen in these OPC mortars is likely due to 
the combination of expansive stresses generated by the ASR gel and the alkali attack on 
the binder. 
CACT mortar bars showed a significantly higher rate of expansion at an early age 
compared to OPC mortar bars, with about 0.4% expansion after 14 days of exposure. The 
rate of expansion after 120 days of exposure was lower than OPC, with total expansion of 
about 0.55% at the end of the 120-day exposure period. Petrographic examination on the 
cross-section of the CACT mortar bars (Fig. 94) shows the presence of a relatively higher 
amount of loosely bound alkalis near the edge compared to the center – whereas a thick 
layer of ASR gel can be observed around the aggregates throughout the cross-section.  
CAC2 mortar mixtures expanded by about 0.1% after 7 days of exposure but did not expand 
further throughout the 120-day exposure period – even though the petrographic images 
taken on the cross-section (Fig. 95) show a thick layer of ASR gel around the aggregate 
throughout the section. The higher exposure temperature accelerated the process of 
conversion in these CAC2 mortar bars resulting in higher porosity. The expansive stresses 
generated by the ASR gels combined with the higher porosity caused the gel to leach out, 




Similar to CAC2 mixtures, the CSA1 mortar bars also expanded by about 0.1% after 14 
days of exposure and did not expand further throughout the rest of the exposure period. 
The petrographic images on the cross-section of CSA1 mortar bars in Fig. 97 shows the 
significant low presence of ASR gel around the reactive aggregates. The faster hydration 
kinetics and lower sorption rates in the CSA1 mortar mixtures, as discussed in chapters 4 
and 9, might have significantly reduced the permeation of exposure solution into the mortar 
bars, leading to a lower amount of ASR gel and lower expansion.  
Both CSA2 and CSA2P mixtures expanded at higher rates during the initial exposure 
period but had lower expansion compared to OPC mixtures. The total expansion at the end 
of the 120–day exposure period is about 0.6 and 0.5% in CSA2 and CSA2P mixtures, 
respectively. CSA2P showed moderate improvement in ASR resistance compared to CSA2 
mixtures. Both the CSA2 and CSA2P mixtures have higher sorption rates and lower 
formation factor compared to CSA1 mixtures at w/c ratios between 0.45 and 0.485 – which 
contributed to higher ASR ion these CSA mixtures compared to CSA1. The petrographic 
observation on the cross-section of these mortar bars (Fig. 98 and Fig. 99) also show a 
higher presence of ASR gel around and through the reactive aggregate, corroborating the 
length expansions.  
Similar to CAC2 and CSA1 mortar mixtures, the CSA3 mortar bars also had significant 
lower expansions, with a 120-day expansion of about 0.1%. The petrographic examination 
on the CSA3 mortar bars (Fig. 100) also shows the significant low amount of ASR gel 




AA mortar bars had the least expansion compared to all other ACMs and OPC mixtures. 
The total expansion at the end of the 120-day exposure period is about 0.02%. The 
petrographic examinations on the cross-section shown in Fig. 101 reveal the effectiveness 
of AA mortar bars in resisting the permeation of alkalis into the system, and no ASR gel is 
present around the aggregate (except near the edges where there is a significant presence 
of alkali in the system). 
In contrast, MPC mortar bars showed the least resistance with the mortar bars 
disintegrating after 60 days of exposure. The alkali attack on the MPC binder might be the 
reason for the higher expansion and the disintegration of mortar bars. The petrographic 
examination on the cross-section of the MPC mortars (Fig. 102) also shows the significant 
presence of alkalis in the paste. 
 
Fig. 92 Length expansion of ACM and OPC mortar mixes made with 
potentially reactive sand and exposed to NaOH solution at 80±1 ºC. Mortar 






















Age of Exposure (days)
OPC CACT CAC2 CSA1 CSA2











Fig. 93 Images taken on the cross-section of OPC mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 
for 120 days, stained with uranyl acetate and observed under short-wave UV. 
 
Fig. 94 Images taken on the cross-section of CACT mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 






Fig. 95 Images taken on the cross-section of CAC2 mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 
for 120 days, stained with uranyl acetate and observed under short-wave UV. 
 
Fig. 96 (i) and (ii) Showing white product precipitating outwards on the 
surface of the CAC2 mortar sample made with potentially reactive aggregate 
subjected to ASTM 1260 exposure conditions for 120 days. (iii) XRD of the 




































Fig. 97 Images taken on the cross-section of CSA1 mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 
for 120 days, stained with uranyl acetate and observed under short-wave UV. 
 
 
Fig. 98 Images taken on the cross-section of CSA2 mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 






Fig. 99 Images taken on the cross-section of CSA2P mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 
for 120 days, stained with uranyl acetate and observed under short-wave UV. 
 
 
Fig. 100 Images taken on the cross-section of CSA3 mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 






Fig. 101 Images taken on the cross-section of AA mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 
for 120 days, stained with uranyl acetate and observed under short-wave UV. 
 
Fig. 102 Images taken on the cross-section of MPC mortar sample made with 
potentially reactive aggregate, subjected to ASTM 1260 exposure conditions 
for 60 days, stained with uranyl acetate and observed under short-wave UV. 
 
11.3.2 Modified ASTM 1293 length expansion test 
Fig. 103 shows the length expansions of ACM and OPC concrete mixtures made with 




mixtures expanded by about 0.2% after 2 years of exposure to 38 ºC and 100% RH. Fig. 
108 shows the images taken on the cross-section of OPC mortar samples stained with 
uranyl acetate. The images show the presence of a significant amount of ASR gel around 
and through the reactive aggregates corroborating the length expansions. 
The concrete mixtures (OPC+Flyash) made with a blend of 50% OPC and 50% class C fly 
ash showed significant improvement over plain OPC mixtures as expected. The total length 
expansion in the OPC+Flyash system is less about 0.08% at the end of the 2-year exposure 
period. Fig. 109 shows the petrographic examination on the cross of the OPC+Flyash 
concrete bars. The images show the presence of some ASR gel around the aggregates, but 
it is significantly lower when compared to that of the plain OPC system. 
CACT concrete bars showed a significantly higher rate of expansion at an early age 
compared to OPC mixtures, with about 0.2% expansion after 9 months of exposure, even 
though the amount of alkalis present in CACT cement is similar to OPC as shown in Fig. 
104. The pH of the CACT mixtures is also slightly lower compared to OPC mixtures, as 
shown in Fig. 105. However, the rate of expansion between 9 and 24 months of exposure 
was significantly lower compared to OPC. The total expansion at the end of the 2-year 
exposure period is about 0.23% and is higher than OPC. The higher rate of expansion in 
the CACT system at the early exposure period is likely due to the lower tortuous network 
in CACT systems compared to OPC as shown in Fig. 107 [163,164]. CACT mixtures also 
have portlandite in them, as shown in Fig. 106, however, it is significantly lower compared 
to OPC mixtures. Even though several researchers reported that presence of calcium 
produces more viscous gel and contributes to alkali recycling [68,70–75], which would 




reported that low concentration of portlandite formed more expansive ASR gel compared 
to higher concentration of portlandite. This would imply a pessimum effect exists linking 
the ratio of Ca/Si to ASR gel expansion. Leemann et al. [147] showed the existence of this 
pessimum effect linking the Ca/Si ratio to the water-binding capacity of ASR gel. So even 
though CACT mixtures have lower portlandite content, the amount that is present in the 
system might have been close to the optimum Ca/Si ratio required to produce ASR gel with 
higher water-binding capacity compared to OPC mixtures. More research needs to be 
performed to identify the optimum Ca/Si ratio in these systems. Petrographic examination 
on the cross-section of the CACT concrete bars (Fig. 110) shows the presence of a 
significant amount of thick layer of ASR gel around the aggregates.  
CAC2 mortar mixtures expanded by only about 0.04% after 15 months of exposure and 
had a slight reduction in expansion thereafter, which could be either due to conversion or 
leaching [156], or both. Also, images taken on the cross-section (Fig. 111) does not show 
any presence of ASR gel in the system. CAC2 mixtures have significantly lower pH 
compared to OPC and CACT mixtures (Fig. 105). The amount of alkalis present in the 
CAC2 system is significantly low compared to OPC and other ACMs (Fig. 104 and Table 
2). Also, CAC2 mixtures have significantly lower (below the detectable limit in TGA) 
compared to OPC and CACT mixtures Fig. 106. All these three reasons could have 
contributed to such low expansion in these CAC2 mixtures.  
Similar to CAC2 mixtures, the CSA1 concrete samples also showed significantly low 
expansions, with only about 0.02% expansion at the end of the 2-year exposure period. The 
petrographic examination on the cross-section of CSA1 concrete bars in Fig. 112 does not 




of alkalis (Fig. 104), portlandite content (Fig. 106), lower pH (Fig. 105), and the higher 
tortuous network in the CSA1 mixture (Fig. 107) contributed to the resistance of this 
system against ASR.  Even though the pH in CSA1 mixtures is higher than CAC2 mixtures, 
the CSA1 mixtures have significantly higher tortuous network compared to CACA2 
mixtures, so lower ASR expansions even compared to CAC2 mixtures.  
Both CSA2 and CSA2P mixtures also exhibited significantly lower expansions compared 
to OPC and CACT systems, but higher expansions compared to the CAC2 and CSA1 
mixtures. The total expansion at the end of the 120–day exposure period is about 0.07 and 
0.06% in CSA2 and CSA2P mixtures, respectively, which is slightly lower when compared 
to the OPC+Flyash system. Because of the polymer modification, the CSA2P showed 
moderate improvement in ASR resistance compared to CSA2 mixtures. Since the amount 
of alkalis present in the CSA2 and CSA2P system is lower than OPC, and due to the 
absence of portlandite in these systems, the total length expansions were lower, even 
though both these systems have a less tortuous network when compared to OPC. Since 
these CSA2 and CSA2P systems have higher pH compared to CAC2 and CSA1 mixtures, 
their expansions were slightly higher compared to them. The petrographic observation on 
the cross-section of these concrete bars (Fig. 113 and Fig. 114) shows the presence of ASR 
gel around and through the reactive aggregate, but it is significantly lower when compared 
to OPC and CACT systems. 
CSA3 concrete bars also had significantly lower expansions, with about 0.04% at the end 
of the 2-year exposure. However, the length expansions were higher when compared to 
CAC2 and CSA1 mixtures. The petrographic examination on the CSA3 concrete bars (Fig. 




compared to that of OPC and CACT mixtures. The lower amount of alkalis present in the 
CSA3 cement compared to OPC and CACT, and the absence of portlandite in these CSA3 
mixtures are likely the contributing factor for the lower amount of ASR, even though the 
CSA3 mixtures have less tortuous network compared to the OPC system as shown in Fig. 
107. The pH in these CSA3 mixtures is also lower compared to OPC and CACT mixtures. 
Even though the pH and the amount of alkalis are significantly higher compared to CAC2 
mixtures, the expansions in CSA3 mixtures are similar to CAC2 mixtures. This could likely 
be due to the better tortuous network in the CSA3 mixtures compared to the CAC2 
mixtures.  
AA mortar bars had the least expansion compared to all other ACMs and OPC mixtures. 
The total expansion at the end of the 2-year exposure period is about 0.003%. The 
petrographic examinations on the cross-section shown in Fig. 116 does not show any 
presence of ASR gel in the system, corroborating the length expansions. Even though the 
AA precursor, class C fly ash, has a higher amount of alkalis present in it, they must have 
been bounded in the hydration product as N-A-S-H and C-N-A-H gel [153], as discussed 
in chapter 4. Also, the AA system has a higher tortuous network when compared to OPC 
and other ACMs (except CSA1), lower pH, and doesn’t have portlandite in them, all of 
which contributed to its effectiveness in resisting ASR.  
Similar to CACT mixtures, MPC concrete bars also showed a significantly higher rate of 
expansion at an early age compared to OPC mixtures, with about 0.22% expansion after 9 
months of exposure. The MPC system had a significantly lower tortuous network and 
higher amount of alkalis in the binder. However, the petrographic examination on the cross-




through the aggregates. Either the ASR gels that are formed might have dispersed into the 
pore network (due to the absence of Ca from portlandite in the system), or the expansion 
observed in this MPC system is due to the reaction of the binder itself with water from 
exposure. 
 
Fig. 103 Length expansion of ACM and OPC concrete mixtures made with 
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Fig. 104 Amount of alkali (Na₂O equivalent) present in ACM concrete 
mixtures compared to that of OPC. Note: The amount of alkalis is determined 
based on the alkali content of the cement. This may not relate to the amount 


















































































Fig. 105 pH in ACM and OPC paste mixtures at 0.45 w/b (AA and MPC at 
0.25 w/b). 
 
Fig. 106 Ca(OH)2 content in ACM and OPC paste mixtures at 0.45 w/b (AA 



































































































































Fig. 107 Formation factor in ACM and OPC mortar mixtures at 0.45 w/b (AA 


























































Fig. 108 Images taken on the cross-section of OPC concrete sample subjected 
to ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate 





Fig. 109 Images taken on the cross-section of OPC+Flyash concrete sample 
subjected to ASTM 1293 exposure conditions for 2 years , stained with uranyl 





Fig. 110 Images taken on the cross-section of CACT concrete sample subjected 
to ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate, 





Fig. 111 Images taken on the cross-section of CAC2 concrete sample subjected 
to ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate 





Fig. 112 Images taken on the cross-section of CSA1 concrete sample subjected 
to ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate 





Fig. 113 Images taken on the cross-section of CSA2 concrete sample subjected 
to ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate 





Fig. 114 Images taken on the cross-section of CSA2P concrete sample 
subjected to ASTM 1293 exposure conditions for 2 years , stained with uranyl 





Fig. 115 Images taken on the cross-section of CSA3 concrete sample subjected 
to ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate 





Fig. 116 Images taken on the cross-section of AA concrete sample subjected to 
ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate and 





Fig. 117 Images taken on the cross-section of MPC concrete sample subjected 
to ASTM 1293 exposure conditions for 2 years, stained with uranyl acetate 
and observed under short wavelength UV. 
11.3.3 Mortar cylinder test 
The length expansions of the ACM and OPC mortar mixtures made with reactive aggregate 




modified ASTM 1293 test, OPC, CACT, and MPC had significantly higher expansions 
compared to other ACM mixtures. AA and CSA1 mixtures exhibited lower expansions 
with expansions even lower than OPC+Flyash mixture. CSA2P had similar expansion to 
OPC+Flyash mixture. Whereas, both CSA2 and CSA3 exhibited slightly higher expansions 
compared to OPC+Flyash mixture. Both the CSA2 and CSA3 mixtures had a significant 
lower formation factor (i.e., higher permeability). So, leaching of the gel in the ASTM 
1293 test could be the reason for slightly lower expansions observed in these mixtures in 
ASTM 1293 test compared to the cylinder test. CAC2 mixtures showed significant 
shrinkage with exposure – likely due to conversion, which got accelerated with exposure 
to high temperature and humidity.  
Overall, the alkali content and the portlandite content led to higher expansions in ASR 
compared to the permeability and pH of the system. All the ACM mixtures (CAC2, CSA1, 
CSA2, CSA2P, and CSA3) with lower alkali content and portlandite content showed 
significant lower expansions compared to OPC, CACT, and MPC mixtures. Even though  
AA mixtures had significantly higher alkali content in the precursor material, its 
expansions were least of all the mixtures investigated in this chapter. This is due to the 
alkali binding in the hydration products of these AA mixtures. This mechanism has also 
been reported in the literature [149–154] for alkali-activated materials, and it is shown in 
this chapter that this mechanism is valid for activated aluminosilicates (without alkali 
activator) as well. Even though MPC mixtures do not have portlandite (or significant 
source of Ca) in them, their expansions were very similar to OPC and CACT mixtures. 
More research needs to be performed to understand if the Mg ions present in the MPC 




to significant ASR expansion. However, in some of the studies performed with alkali-




Fig. 118 Length expansion of ACM and OPC mortar mixtures made with 
reactive fine aggregate and exposed to 100% RH at 60±1 ºC. 
 
11.4 Conclusions and Recommendations 
Based on the evaluation of the OPC and ACM mixtures with 4 test methods and with the 
complementary petrographic examinations, the following conclusions are made: 
• All the ACM binders except MPC showed significantly higher resistance to 
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and CSA3, showed the highest resistance to expansion to alkali exposure compared 
to others. MPC had the least resistance to alkali exposure. 
• OPC, CACT, CSA2, CSA2P, and MPC showed the least performance with 
resisting the ASR of embedded reactive aggregates when exposed to a high pH 
environment. CSA2P only showed moderate improvement in ASR resistance 
compared to CSA2 mixtures. AA followed by CSA1 and CSA3 showed the highest 
resistance towards ASR even when exposed to a high pH environment for an 
extended duration of 120 days of exposure. 
• AA, followed by CAC2 and CSA1, showed the highest resistance towards ASR of 
embedded reactive aggregates when exposed to 100% RH even with an extended 
duration of 2 years of exposure. CSA3, followed by CSA2P and CSA2, also showed 
similar or higher resistance even when compared to OPC+Flyash mixture. OPC, 
CACT, and MPC showed the least resistance of all. 
• The mixtures having lower permeability, lower alkali content, and no portlandite 
content showed superior resistance to ASR, followed by mixtures with low alkali 
content, no portlandite content, but higher permeability. The mixture that had 
significantly lower permeability, but higher alkali and portlandite content resulted 
in significant expansion similar to the mixtures with both high permeability, high 
alkali content, and high portlandite content. So having even small amounts of 
portlandite in the ACM systems can still lead to significant expansions similar to 
OPC mixtures. So blends of OPC and ACM mixtures are not recommended for 




• Even though AA mixtures had high alkali loading from fly ash, the expansions were 
still significantly lower. This could be because alkalis are bound tightly to the 
hydration as N-A-S-H and C-N-A-S-H gel in these mixtures.  
Overall, both AA and CSA1 mixtures show superior performance towards both alkali 
exposure and in resisting ASR-induced cracking of embedded reactive aggregates, 




12 ACCELERATED CARBONATION 
Carbonation resistance is a vital durability parameter as it is often associated with corrosion 
of steel reinforcement embedded in concrete and shrinkage. Many of these ACMs have 
different cement chemistry, which leads to different hydration products, and in turn, can 
affect the carbonation mechanisms. 
12.1 Background 
12.1.1 Carbonation in portland cements (OPC) 
The calcium hydroxide (portlandite), along with the oxides of sodium and potassium are 
mainly responsible for the alkalinity of portland cement systems. Concrete alkalinity helps 
to maintain the steel reinforcement in a passive state limiting corrosion rate. Carbonation, 
which occurs when CO2 in the presence of moisture reacts with the calcium-bearing phases 
in concrete to form calcium carbonate (CaCO3), causes a reduction in the pH of the pore 
solution and sometimes dissociation of the strength-giving hydration products. CaCO3 
formed from the carbonation of portlandite usually precipitates in the concrete pores. The 
typical reaction mechanism of carbonation in the traditional OPC system is shown in 
Equation 10 (i, ii). Carbonation reduces pH of the concrete in the carbonated zone due to 
the reduction in the soluble portlandite phase and formation of  insoluble CaCO3, as well 
as potentially acidic H2CO3 [169]. 
Equation 10 




CO2 + 2H → H CO3    (ii) 
12.1.2 Carbonation in calcium sulfo-aluminate cement (CSA) 
CSA cements have either low or no C3S phase present in them, and if any CSH is formed, 
it is from the hydration of C2S reaction. So, the amount of portlandite formed is low 
compared to traditional portland cement systems. Also, the portlandite can be consumed 
back in the reaction forming just the ettringite. Since the amount of portlandite present in 
the CSA system is significantly lower than the traditional portland systems, the carbonation 
mechanisms in CSA systems can be considerably different. The ettringite phase 
decomposes significantly due to carbonation in CSA systems (Equation 11) causing a 
reduction in the strength of the matrix. With ettringite being the main hydration product 
and strength-giving component (rather than CSH), the long-term stability and the added 
rapid rate of carbonation is a concern for many researchers [105,106]. However, an 
accelerated carbonation study performed in the laboratory (at 20% CO2 and 70% RH) 
showed no significant difference in the carbonation depths between CSA and portland 
cement concrete mixtures [14,170]. Even though several carbonation studies were 
performed on CSA systems, the effect of accelerated carbonation exposure level compared 
to natural carbonation level is not known.  
Equation 11 




12.1.3 Carbonation in calcium aluminate cement (CAC) 
Like CSA cement, in general, the CAC does not contain the C3S phase. If C2S is present, 
all the CSH is formed from its reaction, resulting in low amounts of portlandite in the 
hydrated matrix; thus lower pH in the system and different carbonation mechanisms 
compared to the traditional portland cement. The possible mechanisms of carbonation in 
CAC is given in reaction (i) and (ii) of Equation 12. The occurrence of either of the reaction 
greatly depends on the ease of water evaporation or diffusion to other sources [171]. 
Thermodynamically, reaction (i) (Equation 12) is favored, as the higher liberation of water 
from reaction (ii) (Equation 12) can inhibit the carbonation reaction. The dissolution of the 
CAH10 phase buffers the pore solution, and with carbonation of this phase, it can result in 
significant reduction in the pH of the system [171,172]. Similar to CSA systems, the effect 
of accelerated carbonation exposure level compared to natural carbonation level is not 
researched to date. 
Equation 12 
CO +CAH   → CaCO3+2AH3+7H   (i) 
CO +4CAH   → C AcH11+6AH3+25H   (ii) 
 
12.1.4 Carbonation in activated aluminosilicate binder (AA) 
The carbonation mechanisms in AA systems greatly depend on the type of precursor and 
composition of the activator solution. In general, carbonation in AA systems involves the 
decomposition of C-S-H phase to CaCO3 and calcium silicate, and carbonation of NaOH 
to sodium carbonate, sodium bicarbonate and their hydrates  [173–177]. In alkali-activated 




significantly underestimating the service life compared to natural carbonation level [173]. 
However, little is known about the effects of accelerated carbonation is activated 
aluminosilicates with non-alkaline activators.  
12.1.5 Carbonation in magnesium phosphate cements (MPC) 
To date, no testing has been performed to understand the susceptibility of MPC systems to 
carbonation, especially the effects of carbonation on the struvite phase is not known. The 
MPC system investigated in the chapter has significant amount of alkalis in the binder 
(Table 2) and lower pH compared to OPC system (Fig. 105). So, it is important to 
understand the effects of carbonation on the binder composition and on the passivation of 
embedded reinforcements.  
12.2 Research significance 
Understanding the long-term durability performance, such as carbonation resistance of the 
ACM systems, is essential in designing ‘green’ alternatives to traditional portland cements 
for intended service lives. Even though prior research exists in understanding the 
carbonation mechanisms/ reactions of the ACMs, further research is required to better 
understand its effects on the microstructure, porosity, and pH of these systems. This chapter 
verifies and provides new insights into the carbonation mechanisms in commercially 
available CSA, CAC, AA, and MPC cements and evaluates the implications of carbonation 






A standard ASTM 20-30 test sand from Humboldt Mfg. Co. conforming to ASTM C778 
specification was used in making all mortar mixtures. Crushed granitic gneiss coarse 
aggregates from Vulcan Materials Company (Lithia Springs, Georgia) conforming to 
ASTM C33 #67 gradation, and river sand from the Lambert Sand and Gravel Plant 
(Shorter, Alabama) with gradation conforming to ASTM C33 specification were used in 
making all concrete mixtures.  
Cement paste samples were used to test for microstructure, compressive strength, and 
carbonation depth. Cement paste samples with embedded rebar were used for open circuit 
potential measurements. Cement mortar and concrete samples were used to test for water 
sorption and carbonation front, respectively. The cement paste mixtures (shown in Table 
23) were mixed in a high shear mixer according to ASTM C1738-14 at w/c of 0.45 (0.25 
for AA). The set modifier/ activator dosages were chosen so that the corresponding 
concrete mixes had a workable window of at least 60 min. All the mortar mixes (Table 24) 
were mixed in Hobart mixer at w/b of 0.45 (AA at 0.25 w/b), and sand/binder of 2.75. The 
sand content was adjusted to account for the differences in the specific gravity of all the 
ACMs compared to OPC, to have the same volume of binder in all the mortar mixes. The 
water dosage was also adjusted to account for the sand absorption. The concrete mixes 
were machine mixed according to ASTM C192-14 at w/b of 0.4 (AA at 0.2055 w/b as per 
manufacturer recommendations). The detailed concrete mixture proportions are shown in 
Table 25. The admixture/ activator dosages were chosen so that the concrete had a slump 




Table 23 Cement paste mixture proportions. 
Cement w/b Set modifier/ activators (by weight of cement) 
OPC 0.45 − 
CAC1 0.45 − 
CAC2 0.45 − 
CACT 0.45 Citric acid – 1.5% 
CSA1 0.45 Citric acid – 2.0% 
CSA2 0.45 Citric acid – 0.5% 
CSA2P 0.45 Citric acid – 0.5% 
AA 0.25 Activator 1 - 2.47%, Activator 2 - 2.21% 





Table 24 Cement mortar mixture proportions. 
Cement w/b Admixtures (by weight of cement) Cement (g) Water (g) Sand (g) 
OPC 0.45 - 100 45 275 
CAC2 0.45 - 100 45 273 
CACT 0.45 Citric acid – 1.5% 100 45 271 
CSA1 0.45 Citric acid – 2.0% 100 45 268 
CSA2 0.45 Citric acid – 0.5% 100 45 268 
CSA2P 0.45 Citric acid – 0.5% 100 45 268 
CSA3 0.45 Citric acid – 0.5% 100 45 268 
AA 0.25 Activator 1 - 2.47%, Activator 2 - 2.21% 100 25 259 
MPC 0.30 Boric acid – 14% 100 30 259 
Table 25 Concrete mixture proportions. 
Cement w/b 
Admixtures/ activators 









OPC 0.40 HRWR1 - 3.5 ml/kg 454 189 703 1056 
CAC2 0.40 HRWR2 - 1.6 ml/kg 454 189 693 1056 
CACT 0.40 
citric acid – 1.5%, 
HRWR1 - 3.5 ml/kg 
454 189 674 1056 
CSA1 0.40 
citric acid - 2%, 
HRWR1 – 3.0 ml/kg 
454 189 656 1056 
CSA2 0.40 
citric acid – 0.5%, 
HRWR1 - 0.5 ml/kg 
454 189 656 1056 
AA 0.205 
activator 1 - 2.27%, 
activator 2 – 1.78% 
488 109 811 1056 
12.3.1 Microstructure Analysis 
Microstructure analysis was carried out on powdered cement paste samples, both 
carbonated and uncarbonated. Cement paste cubes of dimension 12.7 mm were prepared 
according to mixture proportions shown in Table 23, and cured for 56 days at 23 ºC and 




30 ºC for 56 days (carbonated), and the other samples were stored in an airtight container 
for the same period (uncarbonated). 
Prior to testing microstructure, the paste samples, both carbonated and uncarbonated, were 
ground and sieved to a particle size less than 300 microns, and the free water was removed 
using solvent exchange procedure [42]. 5 g of powdered sample was mixed in 50 ml of 
isopropyl alcohol, and the suspension rests for 15 min. Then, the suspension is filtered 
using Büchner funnel and a vacuum pump for 5 min, and later, it is washed with 10 ml of 
diethylene ether for 1 min, during which the vacuum pump is turned off. The resulting 
suspension is again filtered under vacuum for five more minutes, or until the suspension is 
dry, whichever is longer. The dried sample is sealed in a small sealed plastic bag and stored 
in an airtight container. 
12.3.1.1 Thermogravimetric Analysis (TGA) 
A Hitachi simultaneous thermogravimetric analyzer STA7300 was used to carry out the 
thermogravimetric measurements. After solvent exchange, the sample is further ground to 
particle size less than 74 microns. Approximately 20 mg of the ground sample is taken in 
an open 70 l platinum crucible and further dried in TG at 25 ºC under a constant stream 
of Nitrogen (N2) gas for 15 min, or until the constant mass, whichever is longer. Later the 
temperature is increased to 40 ºC and held constant for 5 min. Then, the sample was heated 
from 40 to 1000 ºC, at a rate of 10 ºC/min, and the data is recorded at a rate of 120 data 
points per minute. During measurement, N2 was used as a protective gas with a flow rate 
of 100 Cc/min. 




A PANalytical Empyrean diffractometer with Bragg−Brentano HD X-ray mirror and 
goniometer radius of 240 mm was used for data collection. The sample was incident with 
CuK X-rays generated using Empyrean Cu LFF HR X-ray tube at 45 kV and 40 mA 
operating conditions. Soller slits of 0.04 rad and the fixed Mask, anti-scatter, and 
divergence slits of 4 mm, 1 º, and ¼ º were used in the incident beam path. In the diffracted 
beam path, a fixed anti-scatter slit of 7.5 mm and soller slits of 0.04 rad were used. A 
PIXcel3D-Medipix3 1x1 area detector with an active length of 3.347 º was used for data 
acquisition. Data was collected over an angular range of 5 º to 70 º with a step size and 
counting time of 0.013 º and 16.32 s, respectively, resulting in a total measurement time of 
less than 7 min.  
The powdered samples with particle dimension less than 149 microns were backloaded 
into the sample holder with an opening diameter of 17 mm. Phase identification was carried 
out using PANalytical X’ Pert High Score plus v4.5 using PDF-4+ 2018 material 
identification database by International Center for Diffraction Data.  
12.3.2 Water Sorption 
The initial and secondary water sorptivity rate was determined on cement mortar discs, 
averaged from two test specimens. The cylinders are cast according to mix proportions 
given in Table 24 and cured at 23 ºC and 100% RH for 28 days. Then they are cut into 
discs of 76 mm in diameter and thickness of 38 mm using a wet tile saw. Later, the mortar 
discs were further cured for an additional 90 days at 55% RH, and epoxy coated on all sides 
except one end of the flat surface. After the epoxy coat dried, the uncoated side of the 




is measured by weighing the specimens at intervals of 30 min, 60 min, every hour until 6 
hours to determine initial sorption rate; and once a day up to 7 days to determine secondary 
sorption rate. The sorption rate (mm/s0.5) is measured using the slope of the line that is the 
best fit to water absorption plotted against the square root of time (s0.5). 
After measuring the sorptivity rates on uncarbonated samples, they were vacuum dried for 
4 hours and stored at 55% RH and 23 ºC for an additional 28 days. Then the mortar discs 
are carbonated by exposing them to 7% CO2 at 55% RH and 30 ºC for 56 days, and the 
sorptivity measurements were carried out once again to determine the initial and secondary 
sorption rates in the carbonated samples. 
12.3.3 Compressive strength 
Cement paste cubes of dimension 12.7 mm were used to test for their strength under 
compression. The cubes were prepared according to the mixture proportions shown in 
Table 23 and cured for 56 days at 23 ºC and 100% RH. After curing, some of the samples 
were exposed to either 1% or 7% CO2 at 55% Rh and 30 ºC for 56 days (carbonated). 
Compressive strength was measured on 8 replicas before the exposure and after 56 days of 
exposure to either 1% or 7% CO2.  
12.3.4 Carbonation depth and passivation of embedded steel in paste mixtures 
The schematic of the test specimen used for measuring open circuit potential is shown in 
Fig. 119. The test specimen consists of a grade 40 - ASTM A615 rebar of diameter 9.5 mm 
(number 3 size) and length 140 mm . The rebar is coated with epoxy at the ends (20 mm at 




rebar specimen is embedded in the cementitious paste with a cover depth of 8.5 mm. 
Whereas cylinder specimens of diameter 26.5 mm and height 90 mm without embedded 
rebar were used for measuring carbonation depth. All the test specimens with and without 
embedded rebar are cast according to the mixture proportions shown in Table 23 and cured 
for 56 days at 23 ºC and 100% RH. Later half of the specimens (3 for each mixture) with 
embedded rebar were cured for further 90 days at 30 ºC and 55% RH in a container purged 
with N2 gas. The other half of the specimens with embedded rebar were exposed to 1% 
CO2 at 30 ºC and 55% RH for 90 days. The specimens without embedded rebar were 
exposed to 1% CO2 at 30 ºC and 55% RH for 0, 7, 30, 60, and 90 days. At the end of each 
exposure, the samples were cut using diamond saw and sprayed with a commercially 
available ‘rainbow indicator’ (sourced from Germann Instruments) on the cut surface. 
Carbonation depth was determined by calculating the area of the carbonated region based 
on the color change with the rainbow indicator. Also, based on the color profile achieved 
with the rainbow indicator, the pH levels were estimated in both carbonated and 
uncarbonated regions. 
Open circuit potential (OCP) measurements were made on both carbonated and 
uncarbonated specimens to assess the change in embedded rebar passivation with 
carbonation. A silver chloride electrode filled with saturated potassium chloride solution 
(Ag/AgCl/Sat. KCl) was used as a reference electrode. The standard potential of this 
electrode is +0.197 mV with respect to standard hydrogen electrode at 23 ºC. A potentiostat 






Fig. 119 (a) Sketch and (b) photo of the test specimen used for determining 
the open circuit potential of embedded rebar.  
12.3.5 Carbonation front in concrete mixtures 
Concrete cylinders of 152 mm diameter and 305 mm height were cast according to mixture 
proportions shown in Table 25 and cured for 28 days at 23 ºC and 100% RH. Then they 
were cut into two pieces using a wet tile saw, resulting in cylinders with dimensions 152 
mm diameter and 150 mm height. The samples were further cured for an additional 28 days 
at 23 ºC and 55% RH.  
After the curing regime, the concrete samples were exposed to 7% CO2 at 30 ºC and 55% 
RH for 0, 3, 7, 14, 21, 28, 42, 56, and 84 days. At the end of the exposure, the samples 
26.5 mm
Exposed region of rebar

























were split into two halves along the major axis and sprayed with a 1% phenolphthalein 
indicator on the split surface of one half, and with a commercially available ‘rainbow 
indicator’ (sourced from Germann Instruments) on the other half. The carbonation front 
was determined by averaging the carbonation depths measured based on the color change 
with the phenolphthalein and rainbow indicator, with five measurements taken on each side 
of the curved surface. Also, based on the color profile achieved with the rainbow indicator, 
the pH levels were estimated in both carbonated and uncarbonated regions. 
12.4 Results and Discussion 
12.4.1 Effects of carbonation on microstructure 
The TGA results and XRD peaks of all OPC, CACT, CAC2, CSA2, and AA paste 
mixtures, both carbonated and uncarbonated, are shown in Fig. 120 to Fig. 131. Fig. 132 
shows the bound CO2 levels in OPC and ACM mixtures at different exposure levels.  
In OPC mixture, with carbonation, there is a reduction in the DTG peaks of portlandite, 
ettringite, and monosulfate phases, suggesting carbonation of not only the portlandite phase 
but also ettringite and monosulfate phases. However, even after exposure to 15% CO2, 
there is still a significant amount of portlandite present, which can maintain the pH in the 
system. The TGA data shows the monosulfate phase has completely disintegrated with 7% 
and 15% CO2 level. The bound CO2 levels at 0.04% and 1% exposure is about 4.7 and 
5.7%, respectively. However, with an increase in exposure level to 7% and 15%, the bound 
CO2 level increased by about 3 folds to about 15.3% and 15.8%, respectively. This suggests 
that 1% accelerated exposure is similar to the atmospheric level, whereas both the 7% and 




CaCO3 with two polymorphs, calcite, and vaterite – with vaterite being the dominant 
polymorph at 7 and 15% CO2 exposure. Vaterite is usually formed with the carbonation of 
the CSH phase. It is metastable at room temperature and can readily recrystallize to calcite 
polymorph when exposed to water. 
Unlike OPC mixtures, the CAC1 mixture has no portlandite present in the system, and the 
carbonation resulted in the significant decomposition of primarily C2AH8 phase along with 
C3AH6 phase to CaCO3 (Aragonite and Vaterite) and AH3 (Gibbsite), suggesting 
carbonation mechanism similar to reaction (i) in Equation 12. At exposure levels greater 
than 0.04%, the carbonation involved the decomposition of C2AH8 and C3AH6 into CAH10 
along with CaCO3 and AH3, as proposed in Equation 13. The reaction mechanisms shown 
in Equation 13 do not involve the liberation of free water, which can thermodynamically 
favor the carbonation process [171]. The bound CO2 in CAC1 mixtures at 0.04%, 1%, 7%, 
and 15% exposure levels in about 5.7%, 15.4%, 13.9%, and 11.5%, respectively. This 
suggests that the accelerated exposure levels even at 1% and higher are aggressive in CAC1 
system. Interestingly, the extent of carbonation is higher at 1% exposure compared to 7% 
and 15% exposure levels – which is expected if the carbonation involves the formation of 
CAH10  phase along with the CaCO3 phase. Since CAH10, C2AH8, and C3AH6 are the main 
strength-giving hydration products, which also buffers the pore solution, decomposition of 
these phases due to carbonation in the CAC1 system can result in significant reduction of 
both the mechanical properties of the matrix and also the pH of the pore solution. No 
change is observed in the amount of C3AH6 phase present in the matrix with carbonation, 






6CO₂+5C₂AH₈ → 4CAH₁₀ + 6CaCO₃+AH₃   (i) 
12CO₂+5C₃AH₆ → 3CAH₁₀ + 12CaCO₃+2AH₃   (ii) 
 
In the converted CAC1 system, similar to the normal CAC1 system, the carbonation at 7% 
exposure level involved the complete decomposition of C2AH8 along with significant 
decomposition of C3AH6 phases to CAH10, CaCO3, and AH3 phases.  
In CAC2 mixtures, the carbonation resulted in the significant decomposition of CAH10, 
C2AH8, and C3AH6 phase to CaCO3 (Aragonite and Vaterite) and AH3. The carbonation 
mechanism is more similar to Equation 12 (i) at lower exposure levels and similar to 
Equation 13 at higher exposure levels.  The bound CO2 in CAC2 mixtures at 0.04%, 1%, 
7%, and 15% exposure levels is about 13.4%, 9%, 8%, and 9.7%, respectively. This 
suggests that the atmospheric exposure level (0.04%) is aggressive compared to the 
exposure at 1% and higher. So, the accelerated carbonation in CAC2 mixtures will 
underestimate the level of carbonation. Since CAH10, C2AH8, and C3AH6 are the main 
strength-giving hydration products, which also buffers the pore solution, decomposition of 
these phases due to carbonation in the CAC2 system can result in a significant reduction 
of both the mechanical properties of the matrix and also the pH of the pore solution.  
In the converted CAC2 system, similar to the converted CAC1 system, the carbonation at 
both 1% and 7% exposure level involved the decomposition of C3AH6 phases to CAH10, 
CaCO3, and AH3 phases.  However, the amount of CaCO3 formed is significantly low when 




high amount of C2AH8 phase compared to the converted CAC2 system. Also, the bound 
CO2 levels in both the converted systems are lower than their respective normal systems, 
as shown in Fig. 133. This suggests that the carbonation of C3AH6 phase is less favorable 
compared to the CAH10 and the C2AH8 phases – likely due to the difference in their 
thermodynamic stability. 
The carbonation in the CACT mixtures resulted in significant decomposition of ettringite, 
portlandite, monocarboaluminate, and hemicarboaluminate phases – with a significant 
reduction in both the monocarboaluminate and hemicarboaluminate even with 0.04% CO2 
exposure level. There is a gradual reduction in both ettringite and portlandite phases up to 
7% CO2, with both these phases along with monocarboaluminate and hemicarboaluminate, 
completely disappeared with further increase in CO2 exposure level to 15%. The bound 
CO2 levels in CACT mixtures are about 8.7%, 9.7%, and 13% with 0.04%, 1%, and 7% 
CO2 exposure levels, respectively. However, with a further increase in exposure level to 
15%, the bound CO2 level increased to about 23% – which suggests the 15% CO2 is 
aggressive compared to other exposure levels investigated. With ettringite being one of the 
main strength-giving phases in CACT mixture, carbonation can result in significant 
reduction in mechanical properties, especially at 15% CO2 exposure level.  
In CSA1 mixtures, the carbonation involved the decomposition of ettringite to CaCO3 (as 
calcite and aragonite), anhydrite, hemihydrate, and AH3 – according to the reaction 
mechanism shown in Equation 11. The decomposition of ettringite is gradual and in small 
quantity until the 1% exposure level. Thereafter, at 7% and 15% exposure level, the 
ettringite phase decomposed completely. The bound CO2 levels at 0.04%, 1%, 7%, and 




similar to OPC mixtures, the 1% accelerated exposure is similar to the atmospheric level 
exposure – whereas both the 7% and 15% exposures are very aggressive. Since ettringite 
is the main hydration product and the primary strength contributing phase in CSA1 
mixtures, the carbonation can result in a significant reduction in mechanical properties, 
especially at both 7% and 15% exposure levels, within the exposure levels tested.  
Similar to the CSA1 mixtures, the carbonation in CSA2 and CSA2P mixtures involved the 
decomposition of ettringite to CaCO3 (as calcite and aragonite), anhydrite, hemihydrate, 
and AH3. At a 15% exposure level, gypsum is also formed is these mixtures in addition to 
anhydrite and hemihydrate. The decomposition of ettringite in CSA2 mixtures is gradual 
and in small quantity until the 1% exposure level. Thereafter, at 7% and 15% exposure 
level, the ettringite phase decomposed completely. Whereas, in CSA2P mixtures, a 
significant amount of ettringite is still present even at 7% exposure level – likely due to the 
polymer modification in CSA2P mixtures, which reduced the permeability of CO2 into the 
matrix. The bound CO2 levels in CSA2 mixtures at 0.04%, 1%, 7%, and 15% exposure 
levels is about 5.4%, 11%, 18.8%, and 17%, respectively. Whereas in CSA2P mixtures, it 
is about 5.3%, 7%, 15%, and 17.1%, respectively. This suggests, similar to OPC and CSA1 
mixtures, the 1% accelerated exposure in CSA2P mixtures is similar to the atmospheric 
level exposure, whereas both the 7% and 15% exposures are very aggressive. Whereas, in 
CSA2 mixtures, even the 1% exposure level in aggressive, but not as significant as the 7% 
and 15% exposure levels. Also, similar to CSA1 mixtures, since the ettringite is the main 
strength-giving phase, the carbonation in both the CSA2 and CSA2P mixtures can result 




In CSA3 mixtures, the carbonation involved the decomposition of ettringite, stratlingite, 
monosulfate, and hydrogarnet phases into CaCO3 (as calcite and aragonite), AH3, and 
hemihydrate. The aragonite polymorph of CaCO3 only appeared at exposure levels 1% and 
higher. Ettringite decomposed significantly at 1% exposure, and it completely disappeared 
at 7% and 15% exposure levels. Stratlingite, monosulfate, and hydrogarnet phases also got 
decomposed completely at both 7% and 15% exposure levels – whereas it is significantly 
low at atmospheric and 1% exposure levels. The bound CO2 levels at 0.04%, 1%, 7%, and 
15% exposure levels is about 3.4%, 9.7%, 17.3%, and 15.5%, respectively. This suggests, 
the 1% exposure level is also aggressive in CSA3 mixtures similar to CSA2 mixtures, but 
not as significant as compared to both the 7% and 15% exposure levels.  
In AA mixtures, at atmospheric exposure level, the decomposition of ettringite, 
monosulfate, and the stratlingite phases is minimal. Whereas at exposure levels greater 
than atmospheric level, the ettringite phase completely disappeared, and a significant 
reduction in both the monosulfate and the stratlingite phase can also be observed. However, 
unlike the CSA and CACT mixtures, ettringite is not the dominant strength-giving phase 
in the AA matrix. (Na-A-S-H) and (C-S-H) are dominant strength contributing phases in 
this AA system, and no significant reduction is observed in those two phases with 
carbonation. This suggests the reduction in strength in this AA system might be 
significantly lower when compared to the other three ACM mixtures discussed earlier. But 
the pore solution pH might drop considerably due to the carbonation of alkalis (NaOH) 
into alkali carbonates (Na-CO2) – DTG peak at around 400 ºC. The carbonation of alkalis 




in AA mixtures might be not representative of the natural carbonation process, especially 
when considering its effects on the pH of the system [173].  
MPC mixtures are relatively inert to carbonation when compared to other ACM and OPC 
mixtures. At exposure levels greater than 1%, some decomposition of struvite phase is 
observed, but it is not significant. At 15% exposure level, a small quantity of MgCO3 is 
formed – likely from the carbonation of Mg(OH)2 phase.  
 
Fig. 120 (i) TG and DTG, (ii) XRD of OPC cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 
 
Fig. 121 (i) TG and DTG, (ii) XRD of CAC1 cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 



















































































































































































































































































Fig. 122 (i) TG and DTG, (ii) XRD of converted CAC1 cement paste cubes 
after 56 days of exposure to 0%, 0.04%, 1%, 7%, and 15% CO 2. 
 
Fig. 123 (i) TG and DTG, (ii) XRD of CAC2 cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 



























































































56 days of exposure to 0%, 7% CO2







































































































































S – Stratlingite (C2ASH8)
Cc – CaCO3















Fig. 124 (i) TG and DTG, (ii) XRD of converted CAC2 cement paste cubes 
after 56 days of exposure to 0%, 0.04%, 1%, 7%, and 15% CO 2. 
 
Fig. 125 (i) TG and DTG, (ii) XRD of CACT cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 






































































































56 days of exposure to 0%, 1%, 7% CO2



















































































































































Fig. 126 (i) TG and DTG, (ii) XRD of CSA1 cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 
 
Fig. 127 (i) TG and DTG, (ii) XRD of CSA2 cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 































































































































































































































































































































Fig. 128 (i) TG and DTG, (ii) XRD of CSA2P cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 
 
Fig. 129 (i) TG and DTG, (ii) XRD of CSA3 cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 







































































































































































































































































































S – Stratlingite (C2ASH8)
H – Hydrogarnet (C2AH3)















Fig. 130 (i) TG and DTG, (ii) XRD of AA cement paste cubes after 56 days of 
exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 
 
Fig. 131 (i) TG and DTG, (ii) XRD of MPC cement paste cubes after 56 days 
of exposure to 0%, 0.04%, 1%, 7%, and 15% CO2. 





















































































































































































































































































W – Wollastonite (CS)
M – Periclase (MgO)
Mc – MgCO3
Mc










Fig. 132 Bound CO2 levels in cement paste made with OPC and ACMs exposed to 0%, AL (0.04%), 1, 7, and 15% 
































Amorphous – Semi crystalline CaCO3
* Crystalline CaCO3 (Na,K)CO3
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Fig. 133 Bound CO2 levels in cement paste made with CAC1 and CAC2 
mixtures, both converted and unconverted, exposed to 0%, 1%, and 7% CO2. 
12.4.2 Effect of carbonation on water sorption 
Fig. 134 shows the initial and secondary sorption rates of both carbonated and 
uncarbonated cement mortars made with OPC and ACM mixtures. Significant reduction 
in initial sorption rate with carbonation in OPC and CAC2 mortars suggests precipitation 
of CaCO3 in the capillary pores. Whereas an increase in secondary sorption rate with 
carbonation might be due to the significant decomposition of hydration products, thereby 
increasing gel porosity or porosity in the interfacial transition zone (ITZ). This may be 
attributed to the initial dissolution of portlandite and CAH10 phases, followed by 
0.45w/c :
Amorphous – Semi crystalline CaCO3 Crystalline CaCO3































carbonation of these phases in pore water and, eventually, precipitation of the carbonated 
products (mainly CaCO3). But further study is required to verify this mechanism. 
However, with CACT, CSA1, CSA2, and CSA3 mixtures, the decrease in initial water 
sorption and an increase in secondary sorption with carbonation is not significant compared 
to OPC and CAC2 mixtures. This could be due to the filling of carbonated products within 
the gel, or ITZ pores since ettringite is the dominant phase that carbonated in these 
mixtures, and these phases do not readily dissolve in pore water unlike the CH and CAH10 
phases present in OPC and CAC2 mixtures respectively. The same reason, including the 
precipitation of alkalis in the pore water to alkali carbonates, could also be attributed to the 
slight increase in initial sorption and decrease in secondary sorption observed in AA 
mixtures. In MPC mixtures, the precipitation of MgCO3 from the carbonation of Mg(OH)2 





Fig. 134 Initial and secondary sorption rate of cement mortar samples made 
with OPC and ACMs, exposed to 0% and 7% CO2. 
12.4.3 Effects of carbonation on compressive strength 
Fig. 135 shows the changes in compressive strength with carbonation in OPC and ACM 
mixtures at 1% and 7% exposure levels. Out of all the mixtures tested, only CAC1 and 
CAC2 showed a significant reduction in strength. However, the converted CAC1 and 
CAC2 systems (Fig. 136) showed significant improvement in strength – likely due to the 
pore filling due to the precipitation of  CaCO3 and the formation of low dense CAH10 phase. 
The increase in mechanical strength in CAC systems containing hexagonal hydrates (i.e., 
C3AH6 phase) is also reported in the literature [178]. OPC mixtures showed significant 
improvement in strength due to the conversion of calcium hydroxide to CaCO3 precipitate. 
Similarly, AA mixtures also had a significant increase in strength – likely due to the 
precipitation of alkalis in pore solution to alkali carbonates. The change in strength in 






































carbonation in these mixtures results in decomposition of their main strength-giving 
phases. This could be due to the combination of other factors, such as pore-filling due to 
the precipitation of carbonate and sulfate phases, continued hydration of unreacted cement 
due to the release of water with carbonation,  that can play a role in strength contribution. 
Overall, in all the ACM and OPC mixtures (except the unconverted CACs), carbonation 
involves in either increase in mechanical properties or no change in mechanical properties.  
 
Fig. 135 Change in compressive strength in OPC and ACM mixtures after 56 












































Fig. 136 Change in compressive strength in CAC1 and CAC2 mixtures, both 
converted and unconverted, after 56 days of carbonation at 7% CO2 exposure. 
12.4.4 Carbonation front and pH estimates 
Fig. 137 shows the pictures of the cut surface of OPC and ACM mixtures exposed to 1% 
CO2 for 0, 7, 30, 60, and 90 days, and sprayed with the rainbow indicator at the end of each 
exposure period. The area of carbonation front at exposure ages of 0, 7, 30, 60, and 90 days 
measured based on the color change with the rainbow indicator are shown in Fig. 138.  The 
pH levels in both carbonated and uncarbonated regions were estimated based on the color 
change with the rainbow indicator and are shown in Table 26. 
The pH in the uncarbonated region of OPC and CACT mixtures was higher than 13, and it 
is between 11 to 13 in CAC1, CAC2, CAC2 converted, AA, and MPC mixtures. In CSA1, 
CSA2, CSA2P, and CSA3, the pH varied between 11-13 to greater than 13. With 












































CSA2, and CSA2P mixtures. Whereas the pH dropped to less than 9 in CAC1, CAC2 
converted, CSA1, CSA3, and AA mixtures, and it is about 9 in CAC2 mixtures. The pH 
remained between 11-13 in MPC mixtures, even after 84 days of carbonation.  
All the CAC (CAC1, CAC2, CAC2 converted) and CSA (CSA1, CSA2, CSA2P, CSA3) 
mixtures carbonated significantly compared to other mixtures. After 90 days of exposure, 
the area of carbonation front in those mixtures is higher than 90%. CAC2 carbonated at a 
significantly low rate compared to CAC1 initially, but later carbonated to higher rates. 
CSA2P showed a slight improvement in resisting carbonation compared to CSA2 – likely 
due to reduction in permeability in CSA2P with polymer addition. The total area of 
carbonated region in AA mixtures is about 77% after 90 days of exposure, and it is about 
72% in CACT mixtures. However, AA mixtures carbonated at higher rates initially 
compared to CACT mixtures. In OPC mixtures, the area of carbonation front after 90 days 
of exposure is about 42%. However, the pH is the carbonated region is still higher than 11 
in OPC mixtures compared to ACM mixtures (except MPC). OPC mixtures have higher 
amounts of portlandite phase in the system, and as observed in the carbonation of paste 
samples in the previous section, a significant amount of portlandite phase can still be 
present even after exposure to higher CO2 levels, that can buffer the pore solution. MPC 
mixtures did not show any carbonation based on pH observed with the rainbow indicator. 
Overall, MPC mixtures performed the best in resisting carbonation compared to other 
ACM and OPC mixtures. CACT and AA mixtures are the next best performers in resisting 
carbonation compared to other ACM mixtures – However, they still carbonated 






Fig. 137 Cement paste samples made with OPC and ACMs, after exposure to 1% CO2 for 0, 7,  30, 60, and 90 days, 
and sprayed with a rainbow indicator on the cut surface.
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Fig. 138 Carbonation front in cement paste samples made with OPC and 











































Table 26 pH levels based on visual observation in both carbonated and 
uncarbonated regions of cement paste samples made with OPC and ACMs, 
exposed to 1% CO2 for 90 days and sprayed with rainbow indicator. 
Binder Uncarbonated pH Carbonated pH 
OPC > 13 11 - 13 
CAC1 11 - 13 < 9 
CAC2 11 - 13  ~ 9 
CAC2 converted 11 - 13 < 9 
CACT > 13 9 - 11 
CSA1 > 11  < 9 
CSA2 > 11 9 - 11 
CSA2P > 11 9 - 11 
CSA3 > 11 < 9 
AA 11 - 13 < 9 
MPC 11 - 13 11 - 13 
12.4.5 Effect of carbonation on the passivation of embedded steel 
Fig. 139 shows the open circuit potential (OCP) of embedded steel in uncarbonated and 
carbonated ACM and OPC mixtures. Fig. 140 shows the difference in OCP of embedded 
steel between carbonated and uncarbonated mixtures. Both the CSA1 and CSA2 mixtures 
had a significant reduction in their open circuit potential with carbonation compared to 
other ACM and OPC mixtures. Even though CAC1, CAC2, and CAC2 mixtures 
carbonated significantly, the change (reduction) in the OCP values of their embedded steel 
is similar or significantly lower compared to all the CSA and AA mixtures. This could be 
likely due to the significant increase in AH3 or CAH10 composition with carbonation, which 
can help in repassivation of steel due to their OH- ion buffering capacity [179]. CACT 
mixtures also had a lower reduction in OCP values, likely due to their higher pH in the 




mixtures (except MPC). No change is observed in the OCP value of the steels embedded 
MPC mixtures with carbonation, suggesting superior resistance of these mixtures in 
resisting carbonation and thereby protecting the embedded steels from depassivation.  
 
 
Fig. 139 Open circuit potential of embedded steel in carbonated and 
uncarbonated paste mixtures. The mixtures are carbonated by exposing to 1% 
CO2 for 90 days. 
 
Fig. 140 Change in open circuit potential of embedded steel in paste mixtures 
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Fig. 141 Cement paste samples made with OPC and ACMs, after exposure to 1% CO2 for 90 days, and sprayed with 
a rainbow indicator on the cut surface.





OPC CACT CAC1 CAC2 CAC2 converted








12.4.6 Carbonation rate and pH estimates in  concrete mixtures exposed to 7% CO2 
Fig. 142 and Fig. 143 shows the pictures of the split surface of OPC and ACM concrete 
cylinders exposed to 7% CO2 for 84 days and sprayed with phenolphthalein and rainbow 
indicator, respectively. The mean carbonation front at exposure ages of 0, 3, 7, 14, 21, 28, 
42, 56, and 84 days and carbonation rates in in/yr0.5 were measured based on the color 
change with the phenolphthalein and rainbow indicator, and are shown in Fig. 144.  The 
pH levels in both carbonated and uncarbonated regions were estimated based on the color 
change with the rainbow indicator and are shown in Table 27. A distinctive two regions 
can be observed in all the ACM mixtures, the outer carbonated layer, and the inner 
uncarbonated layer. Whereas OPC mixtures had a total three distinctive regions with 
carbonation. The outer layer has pH between 9 to 11, the middle layer between 11 to 13, 
and the inner layer greater than 13. So, in Fig. 144 and Table 27, for the OPC mixtures, 
denoted as ‘OPC (pH <11)’, the carbonation front is calculated based on the outer layer 
alone. Whereas for the OPC mixtures denoted with ‘OPC (pH 11-13)’, the carbonation 
front is calculated based on the combination of the outer and the middle layer. 
The pH in the uncarbonated region of OPC, CACT, CSA2, and AA concrete mixtures was 
higher than 13, between 11 to 13 in CSA1 mixtures, and it is between 9 to 11 in CAC2 
mixtures – which suggests that even the pre-carbonation environment in CAC2 systems 
may be detrimental to embedded steel passivation. With carbonation, the pH levels dropped 
to 9-11 in both the ‘OPC (pH <11)’, CACT, and CSA2 mixtures and to less than 9 in the 
CAC2, CSA1, and AA mixtures. Also, the carbonation rate in the CACT mixture is similar 
to that of ‘OPC (pH <11)’ mixtures and at least 4 folds higher in CAC2, CSA1, CSA2, and 




combination of both the outer and the middle layer, the carbonation rate in OPC mixtures 
is significantly higher than CACT mixtures and is similar to other ACM mixtures.  
OPC mixtures have higher amounts of portlandite phase in the system, and as observed in 
the carbonation of paste samples in the previous section, a significant amount of portlandite 
phase can still be present even after exposure to higher CO2 levels, that can buffer the pore 
solution. So, the carbonation front measured using phenolphthalein and rainbow indicators 
may not be representative of the actual depth of CO2 ingress in the system. However, since 
the passivation of embedded steel reinforcement in concrete systems is dependent on the 
pH of the system at the interface rather than the CO2 ingress depth levels, the carbonation 
rate measured here (with assuming the outer layer alone as the carbonated layer in OPC) 
can provide reasonable estimates of relative performance of these ACM mixtures compared 






Fig. 142 Concrete samples after exposure to 7% CO2 for 84 days and sprayed 










Fig. 143 Concrete samples after exposure to 7% CO2 for 84 days and sprayed 









Fig. 144 Carbonation front of concrete samples made with OPC and ACMs, 
exposed to 7% CO2, at different exposure ages. 
Table 27 pH levels based on visual observation in both carbonated and 
uncarbonated regions of concrete samples made with OPC and ACMs, 
exposed to 7% CO2 for 84 days and sprayed with rainbow indicator. 
Binder Uncarbonated pH Carbonated pH 
OPC (pH <11) > 13 9 - 11 
OPC (pH 11-13) > 13 11 - 13 
CAC2 9 - 11 < 9 
CACT > 13 9 - 11 
CSA1 11 -13 < 9 
CSA2 > 13 9 - 11 




























Square root of exposure age (days0.5)
OPC (pH < 11) OPC (pH 11-13) CACT CAC2
CSA1 CSA2 AA
Carbonation rate (in/yr0.5)
OPC (pH< 11) 0.25









12.5 Conclusion and Recommendations 
The accelerated carbonation tests, along with complementary characterization by TGA and 
XRD, water sorptivity, and strength measurements performed in this study, were intended 
to understand the carbonation mechanisms and evaluate the performance of commercially 
available ACM systems in resisting carbonation compared to OPC systems and has led to 
the following conclusions. 
• Out of the accelerated CO2 exposure levels tested in this chapter, both 7% and 15% 
exposure levels were found to be aggressive in OPC, CAC1, CACT, CSA1, CSA2, 
CSA2P, and AA mixtures. Whereas, all the 1%, 7%, and 15% exposure levels 
underestimated the carbonation compared to the atmospheric levels in CAC2 
mixtures. Even the 1% exposure level seemed to be aggressive in both CSA2 and 
CSA3 mixtures. In AA mixtures, the 1% accelerated exposure also resulted in 
significant carbonation of alkalis in the pore solution, which is not observed with 
carbonation at atmospheric levels.  
• Carbonation in CAC1, CAC2, CACT, CSA1, CSA2, CSA2P, and CSA3 systems 
can result in significant decomposition of main hydration products, whereas, no 
significant decomposition of main hydration products is observed in OPC, AA, and 
MPC systems. 
• The variation in the bound CO2 levels with cement type is due to the differences in 
the carbonation nature of their hydration products and may not necessarily relate to 
the extent of carbonation. 
• Carbonation in OPC and CAC2 mortar mixtures resulted in a significant reduction 




exposure level, whereas, no significant change is observed in CSA1 and AA 
mixtures. 
• Carbonation resulted in significant strength loss in both CAC1 and CAC2 systems. 
Whereas, it contributed to strength in both their converted systems. OPC, CSA3, 
and AA mixtures experienced increase in strength with carbonation – likely due to 
precipitation of carbonates in their pores, whereas no significant change in strength 
with carbonation is observed in other ACM mixtures.  
• All the CAC and CSA mixtures carbonated to significantly higher depths at 1% 
carbonation exposure. AA and CACT mixtures also carbonated to higher depths 
compared to OPC mixtures but were significantly lower compared to other ACM 
mixtures (except MPC). MPC mixtures showed the highest resistance to 
carbonation with zero carbonation depth even after exposure to 90 days at a 1% 
accelerated condition. 
• The pH levels in the carbonated region of OPC and MPC mixtures is between 11 
to 13. Whereas in CACT, CSA2, and CSA2P concrete mixtures, the pH dropped to 
between 9 to 11. In the other ACM mixtures, the pH dropped to even below 9 – 
which may result in significant destabilization of the passive layer in steel 
reinforcements.  
• The steels embedded in both the CSA1 and CSA2 mixtures experienced the most 
depassivation compared to the steel in other ACM mixtures. The change in 
passivation state of embedded steel in the other ACM mixtures (except MPC) is 
also higher compared to OPC mixtures. The steels embedded in MPC mixtures 




• CAC2, CSA2, and AA concrete mixtures carbonated at a much faster rate (at least 
6 times) compared to OPC concrete mixture when exposed to 7% CO2. CSA1 
mixtures carbonated at 4 times faster compared to OPC mixtures. CACT 
carbonated at a rate similar to OPC mixture. However, it experienced significant 
pre-carbonation even compared to all other ACM mixtures. Whereas, no pre-




13 CONCLUSIONS AND RECOMMENDATIONS  
13.1 Conclusions 
In this thesis, nine commercially available ACMs of different binder chemistry were 
examined for their suitability as alternatives to portland cement for transportation 
infrastructure construction. A multi-scale approach was used to design concrete mixtures 
with these commercial ACMs to meet both the prescriptive requirements and the 
performance targets. The multi-approach involved (i) using multiple material 
characterization techniques to understand how these commercially blends hydrate, and (ii) 
changing their fresh properties to meet the prescriptive requirements without adversely 
affecting their long-term material properties to meet the performance targets. New test 
methods and protocols also involving multi-scale material characterization were proposed 
and were used to gauge the long-term performance of these ACMs against a wide range of 
exposure conditions. These new test methods were designed, relying as much as possible 
on existing test methods for traditional portland systems, to facilitate the rapid adoption of 
the ACM formulations. From this multi-scale investigation of commercial alternative 
cementitious materials, the following conclusions were made. Table 28 provides a 





13.1.1 Constructability and Hardened properties 
• By using commercially available set modifiers and plasticizers, successful concrete 
mixtures were designed with all the ACM mixtures (except MPC and CAC1) that 
had a concrete slump of at least 3 inches at the end of 60-minute hydration period.  
• While the citric acid addition in CSA3 mixtures and the boric acid addition in MPC 
mixtures successfully retarded the mixtures initially, its retardation effects 
continued even until about 10 days of hydration, where the total heat of hydration 
with retarder dosage is about 7 to 10% lower compared to the mixtures without 
retarder dosage. 
• The addition of plasticizer (admix1) did not significantly affect the hydration in the 
cement pastes made with OPC, CACT, CSA1, and CSA2.  
• No retardation in heat evolution is observed during the initial 24 hours of hydration 
in CSA3 mixtures with the addition of admix1. However, significant retardation is 
observed in the hydration between 1 and 6 days of hydration time. This lead to a 
significant slower strength development in these mixtures. The significant presence 
of iron in this binder could be the reason for incompatibility with the current 
admixtures. So, a better combination of set modifier and plasticizer needs to be 
identified and/or developed, to reduce the retardation at later ages in the CSA3 
mixtures.  
• CAC1 requires identification and/or development of appropriate plasticizing 




by the CAC1 cement producer, a workable mix with at least 3 inches of slump at 
60 min could not be achieved. 
• Also, an extended set time necessary for conventional concrete mixing could not 
be achieved with the MPC cements. In addition, expansion during hydration and 
leaching can be problematic in some applications.  
• CAC2, CSA1, CSA2, CSA3, and AA mixtures showed significant lower 
autogenous shrinkage compared to OPC and other ACM mixtures, whereas, both 
the CSA3 and MPC mixtures exhibited significant expansion. CACT and CSA2P 
mixtures exhibited significant shrinkage compared to other ACM mixtures but were 
similar to that of OPC mixtures.  
• CACT, CAC2, CSA1, CSA2, and AA mixtures along with the OPC mixtures met 
the 7-days and the 28-day compressive strength requirements, whereas only OPC, 
CACT, CAC2, CSA1, and CSA2 mixtures met the 28-day flexural strength 
requirement. CSA3 mixtures did not meet both the 7-day compressive strength and 
28-day MOR requirements.  
13.1.2 Influence of w/b on permeability in ACM mixtures 
A new test method is proposed for measuring formation factor and interconnectivity in 
OPC and ACM mixtures and is described in detail in section 9.1.2. This method can be 
effective, especially in highly resistant systems where pore water extraction is not reliable. 
Water sorptivity, total porosity, and formation factor measurements were performed at a 




sensitivity towards w/b in resisting ingress of foreign substances. Analyzed together, this 
series of tests has led to the following conclusions: 
• The influence of w/b on sorptivity (as influenced by porosity and pore structure) varied 
with different binder systems, with CACT being the most sensitive to variations in w/b 
of all. At w/b less than or equal to 0.485, the CACT mixtures exhibited higher 
differences in initial sorption rates with changes in w/b compared to OPC and other 
ACM mixtures investigated. 
• To design mixtures with similar or lower sorption compared to OPC at 0.40, the w/b in 
all the ACM mixtures (except CSA2P) should be less than 0.40. The CSA2P mixture at 
0.4 w/b has significantly lower sorption compared to that of OPC. In the AA mixture, 
the w/b should be further lower than 0.233 and 0.30. Whereas in MPC it should be lower 
than 0.30. 
• Overall, CSA1 and AA mixtures had either lower or similar interconnectivity of pore 
structure compared to the OPC mixtures. CSA2P mixtures also had significantly lower 
interconnectivity, but only at w/b of 0.40. CSA2 mixtures had higher interconnectivity 
compared to OPC mixtures, but not significantly higher. Whereas CACT, CAC2, CSA3, 
and MPC mixtures have significantly higher interconnectivity compared to the OPC and 
the other ACM mixtures.  
• A linear relationship exists between formation factor in log-log scale for all the OPC 
and ACM mixtures except CAC2 mixtures. In both CSA3 and AA mixtures, a bilinear 
relation is observed in the w/b examined in this chapter. Using these relationships, the 





13.1.3 Resistance to chemical sulfate attack 
The accelerated sulfate exposure tests at constant pH, along with complementary 
characterization by TGA, XRD, and SEM-EDS performed in this thesis were used to 
understand the chemical sulfate mechanisms in OPC and ACM mixtures, and evaluate the 
performance of commercially available ACM systems in resisting chemical sulfate 
exposure compared to OPC systems, and has led to the following conclusions. 
• Crystallization of gypsum is the primary damage mechanism observed in all the 
mixtures that showed significant spalling and cracking (except CAC1 and CAC2) 
when the mixtures are subjected to constant pH sulfate exposure. In CAC mixtures, 
the formation of ettringite is the primary damage mechanism. 
• Surface spalling (rather than cracking) is the main damage mechanisms observed 
in OPC mixtures due to the decalcification of C-S-H and crystallization of gypsum.  
• A dense outer layer composed of C-N-M-A-S-H is formed in all the CSA and 
CACT mixtures with exposure to sodium sulfate. This layer reduced the 
permeability of sodium sulfate into the inner matrix. However, in the CSA2P 
mixture, a layer of gypsum is formed between this dense outer layer and the inner 
matrix and resulted in significant cracking of the inner matrix. Further research is 
needed to understand the cause for the formation of this gypsum only in the 
polymer-modified CSA mixtures (i.e., CSA2P). 
• Both the converted CAC mixtures degraded significantly with sulfate exposure due 




having a lower amount of C3AH6 (i.e., pre-conversion) phase performed 
significantly better.  
• In AA and MPC mixtures, no significant degradation in microstructure or 
compressive strength is observed.  
Overall, CSA3, AA, MPC, and CAC2 (before conversion) mixtures exhibited superior 
resistance to chemical sulfate attack, followed by CACT, CSA2, and CSA1 mixtures 
compared to that of OPC. CAC1 and CSA2P, followed by both the converted CAC1 and 
CAC2 systems, exhibited the least resistance to chemical sulfate attack. Even though OPC 
showed strengthening at later exposure ages, the exposure resulted in significant spalling 
of the outer surfaces. So compressive strength alone may not be a reliable indicator in 
assessing damage to sulfate exposure.  
13.1.4 Resistance to Alkali exposure 
A 120-day long exposure test adapted from ASTM 1260 test procedure was proposed and 
is used to assess the resistance of ACM binders towards alkali exposure relative to OPC 
mixtures. All the ACM binders except MPC showed significantly higher resistance to alkali 
exposure compared to OPC. AA, followed by CAC2, CSA1, and CSA3, showed the 
highest resistance to alkali exposure compared to others. MPC had the least resistance to 
alkali exposure. 
13.1.5 Resistance to Alkali-silica reaction (ASR) 
A modified Concrete Prism Test (CPT) by ASTM C1293 was performed to assess the 




OPC mixtures when exposed to high humidity. To allow for true comparison among the 
binders, the alkali content of the concrete mixtures is not “boosted.” Instead,  the test 
duration was extended to 2 years, and the OPC concrete prisms cast with and without SCM, 
suitable for mitigation of expansion of the reactive aggregate, served as lower and upper 
bounds for performance. Since leaching can still be an issue, even in the modified CPT 
test, a complementary cylinder mortar test was also performed where leaching is minimized 
– and the relative expansions from this cylinder tests were compared to the CPT tests. In 
addition, a 120-day long exposure test adapted from ASTM 1260 test procedure was 
proposed and is used to assess the performance, relative to OPC mixtures, of ACM mortar 
mixtures containing reactive aggregate in resisting ASR, when exposed to high pH 
environment. These three series of tests, along with complementary petrographic 
examinations has led to the following conclusions: 
• AA, followed by CAC2 and CSA1, showed the highest resistance towards ASR of 
embedded reactive aggregates when exposed to 100% RH even with an extended 
duration of 2 years of exposure. CSA3, followed by CSA2P and CSA2, also showed 
similar or higher resistance even when compared to OPC+Flyash mixture. OPC, 
CACT, and MPC showed the least resistance of all. 
• The mixtures having lower permeability, lower alkali content, and no portlandite 
content showed superior resistance to ASR, followed by mixtures with low alkali 
content, no portlandite content, but higher permeability. The mixture that had 
significantly lower permeability, but higher alkali and portlandite content resulted 
in significant expansion similar to the mixtures with both high permeability, high 




portlandite in the ACM systems can still lead to significant expansions similar to 
OPC mixtures. So blends of OPC and ACM mixtures are not recommended for 
applications that need high ASR resistance.  
• When exposed to high pH environment, CSA2 and CSA2P mixtures along with 
OPC, CACT, CAC2, and MPC showed the least performance with resisting the 
ASR of embedded reactive aggregates. CSA2P only showed moderate 
improvement in ASR resistance compared to CSA2 mixtures. AA followed by 
CSA1 and CSA3 showed the highest resistance towards ASR even when exposed 
to a high pH environment for an extended duration of 120 days of exposure. 
• Even though AA mixtures had high alkali loading from fly ash, the expansions were 
still significantly lower. This could be because alkalis are bound tightly to the 
hydration as N-A-S-H and C-N-A-S-H gel in these mixtures.  
13.1.6 Resistance to carbonation 
The accelerated carbonation tests, along with complementary characterization by TGA and 
XRD, water sorptivity, and strength measurements performed in this study, were used to 
understand the carbonation mechanisms and evaluate the performance of commercially 
available ACM systems in resisting carbonation compared to OPC systems and has led to 
the following conclusions. 
• Both 7% and 15% exposure levels were found to be aggressive in all the OPC and 
ACM mixtures (except CAC2 and MPC mixtures). In CSA2, CSA3, and AA 




1% accelerated exposure also resulted in significant carbonation of alkalis in the 
pore solution, which is not observed with carbonation at atmospheric levels. 
Whereas, all the 1%, 7%, and 15% accelerated exposure levels underestimated the 
carbonation compared to the atmospheric levels in CAC2 mixtures. MPC mixtures 
did not show any significant carbonation at all the CO2 exposure levels tested. 
• The variation in the bound CO2 levels with cement type is due to the differences in 
the carbonation nature of their hydration products and may not necessarily relate to 
the extent of carbonation. 
• Carbonation in CAC1, CAC2, CACT, CSA1, CSA2, CSA2P, and CSA3 systems 
can result in significant decomposition of main hydration products, whereas, no 
significant decomposition of main hydration products is observed in OPC, AA, and 
MPC systems. Carbonation resulted in significant strength loss in both CAC1 and 
CAC2 systems. Whereas, it contributed to strength in both their converted systems. 
OPC, CSA3, and AA mixtures experienced increase in strength with carbonation – 
likely due to precipitation of carbonates in their pores, whereas no significant 
change in strength with carbonation is observed in other ACM mixtures.  
• Carbonation in OPC and CAC2 mortar mixtures resulted in a significant reduction 
in capillary porosity, followed by CACT, CSA2, CSA3, and MPC mixtures, 
whereas, no significant change is observed in CSA1 and AA mixtures. 
• All the CAC and CSA mixtures carbonated to significant higher depths at 1% 
carbonation exposure. AA and CACT mixtures also carbonated to higher depths 
compared to OPC mixtures but were significantly lower compared to other ACM 




carbonation with zero carbonation depth even after exposure to 90 days at a 1% 
accelerated condition. 
• The pH levels in the carbonated region of OPC and MPC mixtures is between 11 
to 13. Whereas in CACT, CSA2, and CSA2P concrete mixtures, the pH dropped to 
between 9 to 11. In the other ACM mixtures, the pH dropped to even below 9 – 
which may result in significant destabilization of the passive layer in steel 
reinforcements.  
• The steels embedded in both the CSA1 and CSA2 mixtures experienced the most 
depassivation compared to the steel in other ACM mixtures. The change in 
passivation state of embedded steel in the other ACM mixtures (except MPC) is 
also higher compared to OPC mixtures. The steels embedded in MPC mixtures 
showed no significant change in the passivation state.  
MPC mixtures showed the best performance in resisting carbonation even compared to 
OPC mixtures. CACT is the next ACM that performed better when compared to other 
ACMs, but not better when compared to OPC.  
Even though this study allowed to conclude that, unlike the traditional OPC system, 
carbonation in these ACM systems (except MPC) systems resulted in higher carbonation 
rates and more significant reduction in pH, the author emphasizes the need for further 
research to better understand the effects of carbonation on steel passivation and chloride 





Table 28 Summary of the performance of ACM mixtures relative to OPC mixtures.  
 OPC CAC1 CAC2 CACT CSA1 CSA2 CSA2P CSA3 AA MPC 
Constructability ✓  ✓ ✓ ✓ ✓ ✓ ✓ ✓  
Compressive strength ✓ NT ✓3 ✓ ✓ ✓ ✓1 ✓2 ✓ NT 
Flexural stregth ✓ NT ✓3 ✓ ✓ ✓ ✓1   NT 
Autogenous shrinkageR – NT ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Alkali resistanceR  NT ✓ ✓ ✓ ✓ ✓ ✓ ✓  
ASR resistanceR  NT ✓4  ✓ ✓2,4 ✓2,4 ✓2 ✓  
Chemical sulfate resistanceR   ✓3 ✓ ✓ ✓  ✓ ✓ ✓ 
CarbonationR ✓   ✓2      ✓ 
✓ – acceptable performance;  – not acceptable performance; NT – Not tested. 
RPerformance was gauged relative to OPC mixtures. 1Not tested, but performance is expected to be similar to CSA2 mixtures.  
2Should be used with caution since these mixtures barely met the performance requirements.  
3Concerns about conversion can limit the advancement of these mixtures and  require additional investigation. 




13.2 Recommendations for adoption 
For this investigation, some ACM types and sources were found to be unsuitable for 
transportation infrastructure construction for a variety of reasons: 
Two CACs showed potential for use in transportation applications, but further technology 
development is necessary prior to their implementation:  
• For CAC2 concrete, depending on the application, identification, and/or 
development of appropriate accelerating admixtures may be necessary. At w/c of 
0.40 initial and final set were 2-3x that of OPC. Also, CAC2, once converted, 
showed poor sulfate resistance. The cracking after conversion is also a concern for 
local chloride ingress and needs to be investigated in more detail. CAC2 mixtures 
exhibited significant resistance to alkali exposure. However, CAC2 mixtures 
containing reactive aggregate can be detrimental in a structure where alkali runoff 
is likely to occur. 
For all CACs, an adjustment of design methodology to account for strength loss, increased 
permeability, and increased propensity for cracking due to conversion and carbonation is 
mandatory. This is viewed as a critical impediment for broader use of CACs in 
transportation infrastructure construction at this time and one that needs more 
investigation. 
Of the remaining ACMs examined, CACT, CSA2, CSA2P, and AA are each potentially 




satisfactory workability, set time, and strength development with a w/c of 0.40 (or w/c = 
0.205 for AA). 
• AA showed improvements in shrinkage, sulfate resistance, and ASR resistance 
relative to OPC but unsatisfactory performance in corrosion, scaling, and ion 
penetration. It is recommended to be used in dry environments that are not expected 
to receive freeze/thaw cycles. However, care must be taken in this evaluation as 
this is a large class of materials that may change as the raw materials are varied. 
Also, the usage of fibers as reinforcement in these mixtures is recommended to 
improve their flexural capacity. 
• CACT showed similar shrinkage and ASR performance to OPC but showed much 
better performance in resistance to expansion by sulfate attack. This would make 
this material useful in locations where it will be frequently subjected to sulfate 
exposure (add reference to the final report). 
• CSA1 and CSA2 showed significant improvement in shrinkage, sulfate resistance, 
and ASR performance. This makes these materials good choices to suppress ASR, 
minimize drying shrinkage, reduce the risk of sulfate-induced damage. The CSA2P 
material showed significant improvements in reducing permeability compared to 
CSA2 mixtures. The CSA2P material with the right mixture proportions can be the 
most versatile material investigated.  
One area of concern for all ACMs investigated was carbonation. Before these ACMs can 
be recommended to be used in structures with low amounts of cover such as bridge decks 
or substructure elements, the rate of carbonation and the subsequent corrosion from 




in structures with large amounts of cover, such as pavements and structures that do not 
contain reinforcing steel, such as overlays or patches. Another option would be to combine 
the use of these materials with corrosion-resistant rebar technologies such as galvanizing 
or fiberglass-reinforced polymer rebars. These combinations of innovative materials could 
lead to game-changing materials that could provide long-term durability of infrastructure 
concrete. 
Furthermore, it should be noted that the best performing materials in this project (CACT 
and CSA2P) were a blend of different materials. It appears that these blends show great 
promise as the combination of the materials can address the weakness of the single 
components. Similar examples can be seen in OPC using fly ash, slag, and silica fume. It 
would greatly benefit these materials if they could be investigated with a wider array of 
material combinations, as this could further improve the performance of these ACMs. 
From this guidance for the lab-scale investigation and guidance for the ACM selection and 
mixture design for use in transportation infrastructure, primarily in the aspects investigated 
in this thesis, are provided.  
In addition, expansion during hydration and leaching can be problematic in some 
applications. Several different MPC formulations, from three producers, were examined. 
Despite exploring a range of admixture types and dosages, along with variations in mixture 
proportions, none of the MPCs examined could achieve the necessary workability, set time, 
and strength requirements to make them suitable for large-scale pavement or bridge deck 
construction. In the future, if extended set in MPC is possible – either through the advent 




concrete studies should be performed. In particular, MPC concrete could be useful for 
applications requiring high heat resistance and chemical resistance (e.g., to oils, acids). 
13.3 Recommendations for future research 
• Since the primary goal of this research is to facilitate the adoption of ACM 
mixtures, the already available commercial admixtures that were designed for 
portland systems were adopted for the ACM mixtures. Even though successful 
concrete mixtures were developed with most of the ACM formulation investigated 
in this thesis, it would be much more effective when admixtures that are developed 
and/or optimized for these specific binder chemistries were used. So, there is a dire 
need for the development of admixtures for ACM systems, especially for CAC, 
CSA (with high iron content), and MPC formulations. 
• A single higher w/b was used in all the durability exposure tests. Even though this 
provided a conservative estimate of the performance of the ACM mixtures relative 
to OPC, it is important to understand how these ACM mixtures respond to the 
aggressive exposures at lower w/b. Especially in CSA belite mixtures where the 
chemical makeup of the hydrated phases can vary based on the w/b.  
• More durability tests need to be performed to understand how these ACM mixtures 
perform when exposed to a combination of multiple aggressive exposures. Such as 
in coastal structures, where a combination of sulfate attack, chloride attack, 
carbonation, and physical salt attack are possible. Additional chemical sulfate 




understand the impact of Mg ions on the ability of ACM systems to resist sulfate 
attack.  
• Additional durability tests including microstructural characterization tests need to 
be performed to better understand the effect of alkali exposure on binder integrity 
and mechanical properties of OPC and ACM systems. 
• The new test method that is proposed in this thesis for measuring formation factor 
is ACM mixtures need to be validated and verified with other 




APPENDIX A.  ERROR ANALYSIS 
In this chapter, error analysis was performed for a normal setting binder and a faster setting 
binder to understand the measurement errors in the heat of hydration from isothermal 
calorimetry tests and bound water from thermogravimetric analysis (TGA) tests. From this, 
recommendations were provided for the standard errors that can be used in the earlier 
chapters in this thesis for each of these types of measurements performed on the same 
instrument by the same person.  
A.1 Materials and Methods 
Table 29 Oxide composition of ACMs compared to OPC. 
Oxide SiO₂ Al₂O₃ Fe₂O₃ CaO MgO SO₃ Other LOI 
PC* 21.82 3.56 4.28 66.24 0.21 1.61 0.29 1.99 
CSAC# 12.97 20.61 1.74 43.94 1.1 15.97 1.82 1.85 
*Determined using phase composition. Source: Andrew chaffin, Lehigh Cement Company LLC. 
#Source: Robert Moser, U.S. Army Engineer Research and Development Center, Vicksburg, MS. 
A.1.1 Isothermal calorimetry 
Isothermal calorimetry was performed on cement pastes mixed in a high shear mixer and 
planetary mixer (ASTM C305-14) to understand the effects of mixing action on variation 
in hydration kinetics across multiple mixtures. The mix proportions for cement pastes are 
given in Table 30. The dosages of set modifiers/activators were chosen such that the 
corresponding concrete mixtures had a working time of at least 1 hour (refer to section 5 
and 7 for more details). Immediately after mixing, approximately 5g of paste mixtures are 




calorimeter (8 channel TAM Air by Thermometric) at 23 ºC. The heat evolution of the 
sample was measured at a rate of 6 data points per minute.  
A.1.2 Thermogravimetric Analysis (TGA) 
A Hitachi simultaneous thermogravimetric analyzer STA7300 was used to carry out the 
thermogravimetric measurements. TGA was carried out on powdered cement paste 
samples prepared according to mixture proportions shown in Table 4 and cured at 23 ºC in 
sealed bags. Prior to performing TGA, the paste samples were ground and sieved to a 
particle size of less than 300 microns, and the free water was removed using a solvent 
exchange procedure [42]. 5 g of powdered sample was mixed in 50 ml of isopropyl alcohol, 
and the suspension rests for 15 min. Then, the suspension is filtered using Büchner funnel 
and a vacuum pump for 5 min, and later, it is washed with 10 ml of diethylene ether for 
1 min, during which the vacuum pump is turned off. The resulting suspension is again 
filtered under vacuum for five more minutes, or until the suspension is dry, whichever is 
longer.  
The dried sample is further ground and approximately 20 mg of the sample with the particle 
size less than 74 microns is taken in an open 70 l platinum crucible and dried in TG at 25 
ºC under a constant stream of Nitrogen (N2) gas for 15 min, or until the constant mass, 
whichever is longer. Later the temperature is increased to 40 ºC and held constant for 5 
min. Then, the sample is heated from 40 to 1000 ºC, at a rate of 10 ºC/min, and the data is 
recorded at a rate of 120 data points per minute. During measurement, N2 is used as a 




Table 30 Cement paste mixture proportions. 
Cement w/b Set modifier/ activators (by weight of cement) 
PC 0.40 − 
CSAC 0.40 Citric acid – 2.0% 
 
A.2 Results and Discussion 
A.2.1 Error analysis in isothermal calorimetry measurements 
Fig. 145 (i) and (iii) shows the heat evolution and heat of hydration of six replicate 
separately prepared PC paste batches, mixed in a planetary mixer and a high shear mixer, 
respectively. Fig. 145 (ii) and (iv) shows the heat evolution and heat of hydration of two 
PC paste mixtures from the same batch, mixed in a planetary mixer and a high shear mixer, 
respectively. Fig. 146 provides the coefficient of variation in the heat of hydration with 
hydration time in PC mixtures across different samples within the same batch and different 
batch, mixed in either planetary mixer or high shear mixer. In PC mixtures, the coefficient 
of variation in the heat of hydration is higher across different mixtures mixed in higher 
shear mixer compared to the planetary mixer. This could be due to the high mixing action 
provided by the high shear mixer that could break the cement particles into pieces. 
However, after about 15 hours of hydration (less than twice the duration of the main 
hydration peak), the coefficient of variation is less than 2%. For the mixtures mixed in a 
planetary mixer, the coefficient of variation across different batches dropped to less than 





Fig. 145 Heat evolution and heat of hydration in PC mixtures mixed in (i) 
planetary mixer for six different samples across different batches, (ii) 
planetary mixer for two different samples within same batch, (ii) high shear 
mixer for six different samples across different batches, and (iv) high shear 
mixer for 2 different samples within same batch. 
 
Fig. 146 Coefficient of variation in heat of hydration with hydration time in 
PC mixtures across different samples within same batch and different batch, 
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Fig. 147 (i) and (iii) shows the heat evolution and heat of hydration of six replicate 
separately prepared CSAC paste batches, mixed in a planetary mixer and a high shear 
mixer, respectively. Fig. 147 (ii) and (iv) shows the heat evolution and heat of hydration 
of two CSAC paste mixtures from the same batch, mixed in a planetary mixer and a high 
shear mixer, respectively. Fig. 147 provides the coefficient of variation in the heat of 
hydration with hydration time in CSAC mixtures across different samples within the same 
batch and different batch, mixed in either planetary mixer or high shear mixer. In CSAC 
mixtures, similar to PC mixtures, the coefficient of variation in the heat of hydration is 
higher across different mixtures mixed in higher shear mixer compared to the planetary 
mixer. However, after about 4 hours of hydration (less than twice the duration of the main 
hydration peak), the coefficient of variation is less than 2% for both the mixtures mixed in 
high shear and planetary mixer. For the mixtures mixed the planetary mixer, the coefficient 
of variation continued to increase after the occurrence of the main hydration peak. But it is 






Fig. 147 Heat evolution and heat of hydration in CSAC mixtures mixed in (i) 
planetary mixer for six different samples across different batches, (ii) 
planetary mixer for two different samples within same batch, (ii) high shear 
mixer for six different samples across different batches, and (iv) high shear 
mixer for 2 different samples within same batch. 
 
Fig. 148 Coefficient of variation in the heat of hydration with hydration time 
in CSAC mixtures across different samples within the same batch and 
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Table 31 shows in range in time to reach maximum hydration peak for PC and CSAC 
mixtures mixed in planetary and high shear mixers of 6 replicate samples across different 
mixing batches. ASTM C 1679-14 standard only requires calorimetry measurements to be 
performed on two specimens from one batch if the range in time to reach maximum 
hydration peak is greater than 60 minutes in OPC mixtures for six replicate separately-
prepared specimens. For an OPC mixture that takes about 632 minutes to reach maximum 
hydration peak, the range limit specified by the standard is about 10% with respect to the 
average time to reach the main hydration peak. However, for both the PC and CSAC 
mixtures mixed in either planetary or high shear mixer, the range in time to reach maximum 
hydration peak is less than 4.1% - which is well below the ASTM specified limit.  
Table 31 Repeatability of the isothermal calorimetry measurements with 
mixing procedures. 
Cement w/b Mixer 
Average time to 
reach the maximum 
of hydration peak 
(min) 
Range in time to reach the 
maximum of hydration peak 
(min) (%) 
PC 0.40 
Planetary 632 11 1.7 
High shear 625 21 3.4 
CSAC 0.40 
Planetary 180 7 4.1 





Table 32 Time to reach thermal equilibrium. 
Cement w/b Mixer 
Estimated time to reach thermal equilibrium 
(i.e. elapsed hydration time when the range of the 
thermal power falls below 0.2 mW/g cement) 
PC 0.40 
Planetary 23 min 
High shear 30 min 
CSAC 0.40 
Planetary 21 min 
High shear 27 min 
 
A.2.2 Error analysis in TGA measurements 
Fig. 149 shows the comparison between TG and DTG of two PC mixtures mixed in high 
shear mixer across different mixing batches at both 9 hours and 28 days of hydration. Fig. 
150 shows the comparison between TG and DTG of two CSAC mixtures mixed in high 
shear mixer across different mixing batches at both 6 hours and 28 days of hydration. Table 
33 shows the coefficient of variation in the bound water between two replicates from 
mixing batches for both PC and CSAC mixtures at an early age and later ages of hydration. 
The coefficient of variation in the bound water is less than 1% for both the PC and CSAC 
mixtures at an early age and as well as later age of hydration. Also, with hydration, the 





Fig. 149 TG and DTG of PC mixtures mixed in high shear mixer of two 
samples across different batches at (i) 9 hours and (ii) 28 days of hydration. 
 
Fig. 150 TG and DTG of CSAC mixtures mixed in high shear mixer of two 
samples across different batches at (i) 6 hours and (ii) 28 days of hydration. 
Table 33 Coefficient of variation in bound water in PC and CSAC mixtures.  
Cement Hydration time 
Coefficient of variation in 
bound water (%) 
PC 
9 hours 0.49 
28 days 0.03 
CSAC 
6 hours 0.96 














































































































































• The range in time to reach maximum hydration peak across six replicate separately-
prepared specimens is significantly less than 10% with respect to the average time 
to reach the main hydration peak (or 60 minutes for OPC mixtures specified by the 
ASTM C 1679-14) for both the normal setting mixture (for example PC mixtures) 
and faster setting mixture (for example CSAC) mixed either in a planetary or a high 
shear mixer. So, isothermal calorimetry measurements performed on just one 
sample from a single mixing batch meets the current ASTM C 1679 standard. 
• The coefficient of variation in the heat of hydration is less than 2% even before 
twice the time required to reach the main hydration peak in both the normal setting 
mixture (for example, PC mixtures) and a faster setting mixture (for example 
CSAC) mixed either in a planetary or a high shear mixer. So, on a conservative 
side, a standard error of 2% can be used for total heat of hydration measurements 
for hydration times greater than twice the time required to reach the maximum 
hydration peak.  
• The coefficient of variation in the bound water is less than 1% for both the normal 
setting mixture (for example, PC mixtures) and faster setting mixture (for example, 
CSAC) mixed in high shear mixer at both early age and as well as later age of 
hydration. Also, with hydration, the coefficient of variation reduced for both these 
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